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Summary
The objective of the European Union to increase the share of renewable energy
sources and Wind Power Production in particular, will be a severe challenge for
the power system. Unscheduled production changes and remaining forecast de-
viations will require more control actions and a tighter interconnection between
areas. To benefit from distributed generation and geographical smoothing, grid
reinforcements and the commissioning of new cross-border interconnections will
be necessary. Furthermore, a regulatory framework to exchange energy across
country borders has to be established. This thesis studies the impacts of Wind
Power Production on the European power system and proposes measures for
its efficient and secure integration. These measures include a cost-optimal grid
expansion in the European transmission system and the integration of intra-day
and regulating power markets in Northern Europe and the Nordic area.
The thesis is divided into two parts.
Part I includes a detailed description of the developed and the applied models.
The research includes the development of a detailed model simulating onshore
and offshore wind power production on a European level. The production time
series data is used as an input to a mathematical model simulating an inte-
grated Northern European intra-day and regulating power market, developed
in the course of the thesis. Furthermore, a joint model was established simu-
lating a cost-optimal grid expansion under the the influence of large scale wind
power and its effects on a common European day-ahead market.
Part II includes a set of analyses carried out on the aforementioned models. The
investigated cases analyse the influence of wind power production on the power
system and the power markets, including scenarios for the years 2010, 2020 and
2030. For these scenarios the wind power production is simulated, analysing
wind power production variability and the affects on net-load variations in the
European system. Cost-optimal grid expansion scenarios for inter-area and
cross-border connections are evaluated. Their affect on day-ahead market prices,
v
Summary
price volatility and the inter-area load flow is investigated. Taking into account
changes in the production portfolio and including the variability of wind power
production, the possibility of an integrated regulating power market in Northern
Europe is analysed for the years 2010 and 2020. Finally, the possibility of an
integrated intra-day market is investigated. It is shown that the integration of
national intra-day and regulating power markets can significantly reduce system
imbalances and hence costs in the respective market areas.
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The main findings of the research are:
• Despite the increasing geographical distribution of wind power facilities in
2020 and 2030, the Wind Power Production on a European scale remains
highly variable. The production varies between 2.2% to 62.2% of the in-
stalled capacity. Due to the clustering of offshore facilities in the North
and Baltic Seas, the annual offshore production in 2020 and 2030 becomes
almost intermittent, varying between 0.6% and 92% of the installed ca-
pacity.
• For future scenarios, the hour-to-hour variability of WPP will drastically
increase up to 19 GW/h in Europe and 11 GW/h in the North Sea and the
Baltic Sea. Even though offshore installations only correspond to about
20% to 25% of the total installed capacity in Europe, they are responsible
for 40% to 60% of the overall hourly production fluctuations.
• Despite high WPP production variations, the influence on hourly net load
ramps in Europe remains rather little. In 2030, the magnitude of hourly
net load ramps will exceed the regular load variations only by about 3
GW/h. In the Northern European area, including a large amount of off-
shore installations, the influence on net load variations is more distinct.
In 2030, the maximum net load ramps will increase by about 7 GW/h.
• The volatility of day-ahead market prices largely increases under the influ-
ence of WPP. Cost-optimal grid expansion can reduce price fluctuations by
enabling the exchange of energy over country-borders. The proposed grid
expansion reduces the annual European mean electricity price by around
5%. The price volatility between areas reduces by about 40% to 60%.
• The cost-optimal grid expansion requires investment costs to the tune of
34.1 bne in 2020 and 37.1 bne in 2030, respectively. On the other hand,
the European production costs decrease by about 16 bne p.a. and 19
bne p.a. in 2020 and 2030.
• The rising wind power penetration level will increase the demand for reg-
ulating reserves and balancing power in the system. The WPP forecast
length and the possibility to readjust day-ahead market bids largely influ-
ences the necessary amount of regulating reserves and balancing power in
the system.
• Utilising wind forecasts with a lead time of 3 hours, the simulation results
show that without integrated regulating power markets the total balancing
costs increases from 2010 to 2020 by about 230 Me. In the same period
of time, the integration of regulating markets lead to savings of 170 Me.
vii
Summary
• Based on revised wind power production forecasts an integrated intra-day
market in Northern Europe can reduce the activation of balancing reserves
by about 60% in 2010 and about 70% in 2020. Thus, the balancing costs
decrease by 145 Me and 341 Me in 2010 and and 2020, respectively.
viii
Contents
Preface i
Acknowledgements ii
Summary iv
Contents ix
Abbreviations xiv
Nomenclature xvii
1 Introduction 1
1.1 Research motivation . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.2 Scope of the thesis . . . . . . . . . . . . . . . . . . . . . . . . . . 3
1.3 Scientific contributions . . . . . . . . . . . . . . . . . . . . . . . . 5
1.4 List of publications . . . . . . . . . . . . . . . . . . . . . . . . . . 7
1.5 Thesis outline . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
2 Background 11
2.1 Wind power production in Europe . . . . . . . . . . . . . . . . . 11
2.1.1 Legislative Framework . . . . . . . . . . . . . . . . . . . . 11
2.1.2 Support schemes in Europe . . . . . . . . . . . . . . . . . 12
2.1.2.1 Quantity-based market instruments . . . . . . . 13
2.1.2.2 Price-based market instruments . . . . . . . . . 14
2.1.3 Wind power installations in Europe . . . . . . . . . . . . 15
2.1.4 Challenges of WPP . . . . . . . . . . . . . . . . . . . . . . 15
2.2 The European power system . . . . . . . . . . . . . . . . . . . . . 17
2.2.1 System design . . . . . . . . . . . . . . . . . . . . . . . . . 17
2.2.2 System operation . . . . . . . . . . . . . . . . . . . . . . . 19
ix
Contents
2.2.2.1 Generation . . . . . . . . . . . . . . . . . . . . . 19
2.2.2.2 Transmission . . . . . . . . . . . . . . . . . . . . 20
2.2.2.3 Consumption . . . . . . . . . . . . . . . . . . . . 20
2.2.2.4 Trading . . . . . . . . . . . . . . . . . . . . . . . 20
2.2.2.5 Forward/Future market . . . . . . . . . . . . . . 21
2.2.2.6 Day-ahead market (NordPool Spot) . . . . . . . 22
2.2.2.7 Intra-day market . . . . . . . . . . . . . . . . . . 22
2.2.2.8 Balancing market . . . . . . . . . . . . . . . . . 22
2.3 European power market integration . . . . . . . . . . . . . . . . . 23
2.3.1 Day-ahead sport market coupling . . . . . . . . . . . . . . 24
2.3.2 Intra-day market . . . . . . . . . . . . . . . . . . . . . . . 25
2.3.2.1 ELBAS . . . . . . . . . . . . . . . . . . . . . . . 25
2.3.2.2 OMEL . . . . . . . . . . . . . . . . . . . . . . . 25
2.3.3 Balancing markets . . . . . . . . . . . . . . . . . . . . . . 25
I Modelling 27
3 Modelling wind power production 29
3.1 Background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29
3.2 Model Parameters . . . . . . . . . . . . . . . . . . . . . . . . . . 31
3.2.1 Simulation area . . . . . . . . . . . . . . . . . . . . . . . . 31
3.2.2 Wind speed measurement grid . . . . . . . . . . . . . . . 31
3.2.3 The COSMO model . . . . . . . . . . . . . . . . . . . . . 31
3.2.3.1 Regional NWP Model COSMO EU . . . . . . . 33
3.2.3.2 Local NWP Model COSMO DE . . . . . . . . . 33
3.3 Modelling approach . . . . . . . . . . . . . . . . . . . . . . . . . . 33
3.3.1 Simulation parameters . . . . . . . . . . . . . . . . . . . . 33
3.3.1.1 Wind turbine production curve . . . . . . . . . . 33
3.3.1.2 Installation scenarios . . . . . . . . . . . . . . . 34
3.3.1.3 Scaling wind speeds . . . . . . . . . . . . . . . . 36
3.3.2 Simulation procedure based on measurements . . . . . . . 36
3.3.3 Simulation procedure based on numerical models . . . . . 37
3.4 Simulation results . . . . . . . . . . . . . . . . . . . . . . . . . . 39
3.4.1 WPP in Denmark . . . . . . . . . . . . . . . . . . . . . . 39
3.4.2 WPP in Germany . . . . . . . . . . . . . . . . . . . . . . 40
3.5 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42
4 EFI’s Multi-area Power-market Simulator (EMPS) 43
4.1 Model parameters . . . . . . . . . . . . . . . . . . . . . . . . . . 44
4.2 Market model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46
4.2.1 Day-ahead market . . . . . . . . . . . . . . . . . . . . . . 47
x
Contents
4.2.1.1 Strategy phase . . . . . . . . . . . . . . . . . . . 47
4.2.1.2 Detailed simulation . . . . . . . . . . . . . . . . 48
4.2.2 Regulating power market . . . . . . . . . . . . . . . . . . 48
4.3 Concluding remarks . . . . . . . . . . . . . . . . . . . . . . . . . 49
5 Grid expansion model URBS-EU 51
5.1 Model description . . . . . . . . . . . . . . . . . . . . . . . . . . . 51
5.2 Concluding remarks . . . . . . . . . . . . . . . . . . . . . . . . . 53
6 Power System Simulation Tool PSST 55
6.1 Flow based approach . . . . . . . . . . . . . . . . . . . . . . . . . 56
6.2 Basic simulation structure . . . . . . . . . . . . . . . . . . . . . . 57
6.2.1 Constant parameters . . . . . . . . . . . . . . . . . . . . . 57
6.2.1.1 Power flow description and grid model . . . . . . 57
6.2.1.2 Generator capacities and marginal costs . . . . . 59
6.2.1.3 Initial reservoir levels (hydro) . . . . . . . . . . . 60
6.2.2 Time dependent parameters . . . . . . . . . . . . . . . . . 60
6.2.2.1 Wind series . . . . . . . . . . . . . . . . . . . . . 60
6.2.2.2 Load series . . . . . . . . . . . . . . . . . . . . . 61
6.2.2.3 Inflow and water values . . . . . . . . . . . . . . 61
6.3 Market model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62
6.3.1 Mathematical description of the day-ahead market model 62
6.3.1.1 Hydro generation . . . . . . . . . . . . . . . . . 63
6.3.1.2 Thermal generation . . . . . . . . . . . . . . . . 64
6.3.1.3 Transmission and grid . . . . . . . . . . . . . . . 67
6.3.2 Intra-day dispatch . . . . . . . . . . . . . . . . . . . . . . 69
6.3.2.1 Intra-day transmission . . . . . . . . . . . . . . . 71
6.3.3 Real-time dispatch . . . . . . . . . . . . . . . . . . . . . . 71
6.4 Concluding remarks . . . . . . . . . . . . . . . . . . . . . . . . . 73
II Case Studies 75
7 Wind power production on a European level 77
7.1 Wind speed data set . . . . . . . . . . . . . . . . . . . . . . . . . 77
7.2 Installation scenarios . . . . . . . . . . . . . . . . . . . . . . . . . 78
7.3 Simulation results . . . . . . . . . . . . . . . . . . . . . . . . . . 82
7.3.1 Annual wind power production . . . . . . . . . . . . . . . 82
7.3.1.1 Offshore WPP . . . . . . . . . . . . . . . . . . . 84
7.3.1.2 European WPP . . . . . . . . . . . . . . . . . . 85
7.3.2 Hourly variations . . . . . . . . . . . . . . . . . . . . . . . 86
7.3.3 Net load variations . . . . . . . . . . . . . . . . . . . . . . 88
xi
Contents
7.4 WPP Forecasting . . . . . . . . . . . . . . . . . . . . . . . . . . . 92
7.5 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97
7.5.1 Model methodology . . . . . . . . . . . . . . . . . . . . . 97
7.5.2 WPP in the power system . . . . . . . . . . . . . . . . . . 97
7.6 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 98
8 Grid expansion 101
8.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 101
8.2 Model Parameters . . . . . . . . . . . . . . . . . . . . . . . . . . 102
8.2.1 Modelling input . . . . . . . . . . . . . . . . . . . . . . . 102
8.2.1.1 Wind power installations . . . . . . . . . . . . . 102
8.2.1.2 Generator portfolio . . . . . . . . . . . . . . . . 103
8.2.1.3 Grid scenarios . . . . . . . . . . . . . . . . . . . 103
8.2.2 Model coupling . . . . . . . . . . . . . . . . . . . . . . . . 104
8.3 RESULTS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 106
8.3.1 Cost-optimal grid extension scenarios . . . . . . . . . . . 106
8.3.2 Load flow . . . . . . . . . . . . . . . . . . . . . . . . . . . 108
8.3.3 WPP curtailment . . . . . . . . . . . . . . . . . . . . . . . 109
8.3.4 Influence of WPP and grid expansion on conventional gen-
eration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 110
8.3.5 European electricity prices . . . . . . . . . . . . . . . . . 113
8.3.6 Investment costs . . . . . . . . . . . . . . . . . . . . . . . 115
8.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 116
8.5 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 117
9 Integration of regulating power markets 119
9.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 120
9.2 Wind Power Production . . . . . . . . . . . . . . . . . . . . . . . 121
9.2.1 WPP Simulation . . . . . . . . . . . . . . . . . . . . . . . 121
9.2.2 Forecast Error . . . . . . . . . . . . . . . . . . . . . . . . 121
9.3 Market Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 123
9.3.1 Market data . . . . . . . . . . . . . . . . . . . . . . . . . . 123
9.4 Case Studies . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 124
9.5 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 125
9.5.1 Transmission dispatch and day-ahead market results . . . 125
9.5.2 Regulating power market results . . . . . . . . . . . . . . 126
9.6 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 132
9.7 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 133
xii
Contents
10 Intra-day market 135
10.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 135
10.2 Wind Power Production . . . . . . . . . . . . . . . . . . . . . . . 136
10.3 Market model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 138
10.3.1 System data . . . . . . . . . . . . . . . . . . . . . . . . . . 139
10.3.1.1 Transmission system . . . . . . . . . . . . . . . . 139
10.3.1.2 Generators . . . . . . . . . . . . . . . . . . . . . 140
10.3.1.3 Reserve requirements . . . . . . . . . . . . . . . 141
10.3.2 Case Studies . . . . . . . . . . . . . . . . . . . . . . . . . 141
10.4 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 142
10.4.1 Day-ahead market results and transmission dispatch . . . 142
10.4.2 Intra-day market results and production adjustments . . . 144
10.4.3 Regulating power market results . . . . . . . . . . . . . . 145
10.5 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 148
10.6 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 149
11 Conclusion and future research 151
11.1 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 151
11.1.1 Wind power production on a European level . . . . . . . 152
11.1.2 Cost-optimal grid expansion . . . . . . . . . . . . . . . . . 152
11.1.3 Integration of regulating power markets . . . . . . . . . . 153
11.1.4 Intra-day markets in Northern Europe . . . . . . . . . . . 154
11.2 Future research . . . . . . . . . . . . . . . . . . . . . . . . . . . . 154
Bibliography 157
xiii
Contents
xiv
Abbreviations
ATC Available Transfer Capacity
CCGT Combined Cycle Gas Turbine
CfD Contract for Difference
COSMO Consortium for Small Scale Modelling
DMI Danish Meteorological Institute
DSO Distribution System Operator
DWD Deutscher Wetterdienst (German Meteorological Institute)
EMPS EFI’s Multi-area Power-market Simulator
ENTSO-E European Network of Transmission System
Operators for Electricity
ELBAS Electricity Balance Adjustment System
EWEA European Wind Energy Agency
FRR Frequency Restoration Reserves
GHG Green House Gas
GT Gas Turbine
HV High Voltage
IRiE Integrated Regulating power market in Europe
MAE Mean Absolute Error
MBI Market Based Instruments
Met Meteorological
NMRSE Normalized Root Mean Square Error
NTC Net Transfer Capacity
NTC Net Transfer Capacity
xv
Abbreviations
NWP Numerical Weather Prediction
OMEL Operador del Mercado Ibérico de Energia, Polo Español
OMIP Operador do Mercado Ibéico, Polo Portugal
OTC Over the counter
PSST Power System Simulation Tool
PV Photovoltaic
TGC Tradable Green House Certificates
TSO Transmission System Operator
RR Replacement Reserves
UCTE Union for the Co-ordination of Transmission of Electricity
URBS Urban Research Toolbox: Energy Systems
WVs Water Values
WPP Wind Power Production
xvi
Nomenclature
Wind power model
Indices
g Geographical coordinates
[] Rotated coordinates
N Pole rotated coordinates
Parameters
X,Y, Z Cartesian coordinates
X˜, Y˜ , Z˜ Rotated coordinates
Hf Scaling factor
href Reference hub height
z0 Surface roughness length
hmeas Measurement height
VH Wind speed velocity at hub height
VM Measured wind velocity
λ, λNg Longitude in the rotated and the geographical system,
respectively
ϕ,ϕNg Latitude in the rotated and the geographical system,
respectively
PN Pole coordinates
u, ug Zonal wind speed in the rotated and the geographical
system, respectively
v, vg Meridonal wind speed in the rotated and the geograph-
ical system, respectively
xvii
Nomenclature
δ Deviation angle
URBS-EU
Sets and Indices
i ∈ I Process type (generation and transmission)
x ∈ X Model areas
t ∈ T Time steps
Parameters
κli Annuity of investment costs
κFi Maintenance costs
Variables
Ci(x) Power plant and storage in- and output capacity
Eouti (x, t) Electricity production in area x at time step t
EinTransmission Electricity imports
Eini (x, t) Stored Energy, sum of exports in area x at time step t
CNi(x) Capacity additions in area x
κV ari Variable costs
Power System Simulation Tool (PSST)
Superscript
D Day-ahead dispatch
I Intra-day dispatch
R Real-time dispatch
↑/↓ Upward/ Downward
−/− Maximum/ Minimum
rat Rationing
hyd Hydro units
h Hydro generators
g Thermal units
th Thermal units
xviii
Nomenclature
win Wind facilities
l Transmission lines
Sets and Indices
τ ∈ T Hour in simulation period
a, b ∈ BR Balancing regions
a′, b′ ∈ BA Balancing areas
g ∈ G Thermal generators
lf ∈ LF Load following units
gr ∈ GR Regulating resources
h ∈ H Hydro generators
w ∈ W Wind facilities
hvdc ∈ HVDC HVDC connections
l ∈ Line AC transmission lines
i, j ∈ Bus Buses in the system with Busa and Busb being subsets
of buses situated in region a or b respectively
Functions
FDτ (.), F Iτ (.), FRτ (.) Cost functions of day-ahead, intra-day and real time
market, respectively
Parameters
P
hyd
h , P
hyd
h Maximum and minimum hydro power production ca-
pacity of hydro unit h, respectively [MW]
Chyd,Dh , C
hyd,I
h Marginal cost of hydro unit h in day-ahead and intra-
day dispatch [EUR/MWh], respectively
↑Chyd,Rh,τ ,↓Chyd,Rh,τ Marginal cost of hydro unit h for up- and downward reg-
ulation in real-time dispatch at time step τ , respectively
[EUR/MWh]
Qhyd,Dh,τ , Q
hyd,I
h,τ Hydro reservoir inflow in day-ahead and intra-day dis-
patch of hydro unit h at time step τ , respectively [MWh]
Rlhyd,Dh,τ , Rl
hyd,I
h,τ Day-ahead and intra-day reservoir level of hydro unit h
at time step τ , respectively [MWh]
P
th
g , P
th
g Maximum and minimum available thermal power pro-
duction capacity of thermal unit g, respectively [MW]
P
th
gr, P
th
gr Maximum and minimum available balancing power pro-
duction capacity of thermal unit g, respectively [MW]
xix
Nomenclature
Cth,Dg,τ , C
th,I
g,τ Marginal cost of thermal unit g in day-ahead and intra-
day dispatch at time step τ , respectively [EUR/MWh]
↑Cth,Rg,τ ,↓Cth,Rh,τ Marginal cost of thermal unit g for up- and downward
regulation in real-time dispatch at time step τ , respec-
tively [EUR/MWh]
Csthg,τ Start-up cost of thermal unit g [EUR]
↑T thg , ↓T thg Minimum up- and down time of thermal unit g, respec-
tively [h]
P
hvdc
ij Maximum HVDC cable transmission capacity from bus
i to bus j [MW]
P
l
ij Maximum AC transmission capacity from bus i to bus
j [MW]
Bi,j Susceptance between bus i and bus j
NTCa′b′ Net Transfer Capacity between balancing areas a′ and
b′ [MW]
↑Rea′ , ↓Rea′ Up- and downward reserve requirements for balancing
area a′ [MW]
↑Rea, ↓Rea Up- and downward reserve requirements for balancing
region a [MW]
P˜ dev,Ri,τ Real-time imbalance at bus i at time step τ [MW]
Crat Rationing cost
Lτ Length of time step [h]
Variables
∆↑Phyd,Rh,τ ,∆↓Phyd,Rh,τ Hydro power up- and downward regulation of hydro unit
h at time step τ in real-time dispatch, respectively [MW]
∆↑Phyd,Ri,τ ,∆↓Phyd,Rgr,τ Hydro power up- and downward regulation at bus i at
time step τ in real-time dispatch, respectively [MW]
Phyd,Dh,τ , P
hyd,I
h,τ Hydro power production of unit h at time step τ in day
ahead and intra-day dispatch, respectively [MW]
Phyd,Dh,i , P
hyd,I
h,i Hydro power production of unit h at bus i in day-ahead
and intra-day dispatch, respectively [MW]
∆↑P th,Rgr,τ ,∆↓P th,Rgr,τ Thermal up- and downward regulation for thermal unit
gr at time step τ in real-time dispatch, respectively
[MW]
xx
Nomenclature
∆↑P th,Ri,τ ,∆↓P th,Ri,τ Thermal up- and downward regulation at bus i at time
step τ in real-time dispatch, respectively [MW]
P th,Dg,τ , P
th,I
g,τ Thermal power production of unit g at time τ in day
ahead and intra-day dispatch, respectively [MW]
P th,Dg,i , P
th,I
g,i Thermal power production of unit g at bus i in day-
ahead and intra-day dispatch, respectively [MW]
Strth,Dg,τ , Str
th,I
g,τ Approximate relative start-up cost of thermal unit g at
time step τ in day-ahead and intra-day dispatch, respec-
tively [0,1]
↑T th,Dg,τ , ↓ T th,Dg,τ Actual up- and down time of thermal unit g at time τ ,
respectively [h]
upth,Dg,τ , do
th,D
g,τ Binary variables for thermal unit g at time τ , respec-
tively [0,1]
Xth,D1,g,τ Per unit production between 0 and minimum production
of thermal unit g in day ahead dispatch, ∈ [0,1]
Xth,D2,g,τ Per unit production between minimum and maximum
production of thermal units in day-ahead dispatch ∈
[0,1]
Xth,D3,g,τ Spinning reserve capacity of thermal unit g in day-ahead
dispatch
Pwin,Dw,τ , P
win,I
w,τ Wind power production of unit w at time τ in day-ahead
and intra-day dispatch, respectively [MW]
∆Pwin,Iw,τ ,∆Pwin,Rw,τ Wind power forecast deviation of unit w at time τ in
intra-day and real-time dispatch, respectively [MW]
ATCa′b′,τ Available Transfer Capacity between balancing areas a′
and b′ at time step τ [MW]
δDi,τ , δ
I
i,τδ
R
i,τ Voltage angles at bus i for day-ahead, intra-day and real-
time dispatch, respectively [radians]
↑impDa′b′,τ , ↓impDa′b′,τ Implicit allocated transmission capacity in day-ahead
dispatch for up- and downward regulating reserve ex-
change from balancing area a′ to b′ [MW]
Phvdc,Dij,τ , P
hvdc,I
ij,τ HVDC exchange on interconnection between buses i
and j in day-ahead and intra-day dispatch, respectively
[MW]
P l,Dij,τ , P
l,I
ij,τ , P
l,R
ij,τ AC power exchange on transmission lines between bus
i and bus j in day-ahead, intra-day and real-time dis-
patch, respectively [MW]
xxi
Nomenclature
P rati,τ Load rationing at bus i [MW]
PL,Di,τ , P
L,I
i,τ Load demand [MW]
xxii
Chapter 1
Introduction
This thesis deals with the integration of large scale wind power production in the
European power system. The motivation for this thesis is explained in Section
1.1. Section 1.2 briefly explains the scope of the research. While Section 1.3
outlines the scientific contributions, Section 1.4 lists the publications on which
this thesis is based. Section 1.5 explains the thesis structure and gives a brief
overview of the content in each chapter.
1.1 Research motivation
Within the last two decades the increasing public awareness and the knowledge
about green house gases and their effect on global warming enforced the polit-
ical willingness to reduce CO2 emissions, to promote energy production from
renewable energy sources, and to enhance the energy efficiency. With the release
of the climate and energy package (EU directive 2009/29/EC), the EU commis-
sion set binding targets to ensure that the EU member states would meet the
ambitious climate and energy targets for 2020 [1, 2]. These targets, also known
as "20-20-20", set three key objectives for the EU member states:
• A 20% reduction in EU greenhouse gas emissions from their corresponding
levels in 1990.
• Raising the share of EU energy consumption produced from renewable
resources to 20%.
• A 20% improvement in the EU’s energy efficiency.
The commitment of the EU member states to establish an environmental
friendly and sustainable energy production was underpinned by the release of
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the Energy Roadmap 2050 (EU directive 2009/29/EC), aiming to reduce CO2
emissions by at least 50% below their 1990-levels [3]. To achieve these ambitious
objectives, the EU member states introduced a set of incentives to promote
Renewable Energy Sources (RES) in the European power system. Besides other
RES such as solar power, biomass and hydro, wind power is considered as a key
technology for sustainable energy production in Europe.
Based on various installation forecasts, the total capacity in Europe will con-
tinuously increase over the next years, and is assumed to reach a total capacity
of about 270 GW in 2020 [4].
Even though the increasing geographical distribution of wind power produc-
tion facilities will lead to a more stable overall production, wind power, like other
RES, remains inherent to production variations. Especially, future offshore in-
stallations bundled in small geographical areas in the North and Baltic Seas will
contribute to the overall wind power production variability. Besides the produc-
tion variability, the predictability of wind power production is of great concern.
Even though the accuracy of numerical weather prediction models has consid-
erably improved, the predictability of wind power production remains limited.
Forecast errors cause unscheduled production changes, inducing a high degree
of production uncertainty in the power system.
Since electricity cannot be stored easily in large scale, production fluctua-
tions and unscheduled changes in wind power production have to be balanced
by conventional power plants in order to maintain the supply and demand equi-
librium.
The system impacts of wind power production are evident in areas with
a high share of RES. In countries like Denmark, where the penetration level
is around 26% (2011), temporarily production exceeds the corresponding area
demand [5]. This imposes severe challenges for system operation including
an increased demand for regulating reserves along with improved production
flexibility of thermal power plants. Besides, backup capacity is required to
replace wind power production during times with low production [6]. Denmark
constitutes only a small part of the European system, and since it is highly
interconnected with its neighbouring areas, potential operational challenges can
be solved with external support.
The example of Denmark illustrates that the rising share of wind power
production requires a revision of the operational strategy in the European power
system and a better interconnection between the European countries and the
grid zones. Instead of a local or a national approach, a multinational cooperation
is required to assure a secure and efficient integration of RES in the European
power system.
Especially in areas along the North and Baltic Seas, already having a high
share of wind power production, a further increase in the penetration level will
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evoke severe problems. To utilize the possibilities of the European power system
with respect to production flexibility and the exchange of power production,
a sufficient amount of transmission capacity has to be available. Bottlenecks
on cross-border and inter-area transmission lines limit the power exchange be-
tween neighbouring areas. This decreases the power system’s efficiency due to
cycling losses, a non-optimal use of conventional generators, an unnecessarily
high amount of balancing sources and the curtailment of wind power produc-
tion. Since a sufficient amount of transmission capacities has to be available not
only to utilise the possibilities of distributed wind power production generation
and reduce its affect on the power system, but also for the bulk transport of
energy from the coastal areas around the North and Baltic Seas to the load
centres further south.
Besides transmission grid expansion, a multinational regulatory framework
is required defining common rules for trade and transmission. This includes
the implementation and the integration of day-ahead, intra-day and balancing
markets. The possibility to trade electricity over country borders not only en-
hances the security level in the power system but also increases the efficiency by
giving market participants the possibility to procure power from the least cost
generation sources. Due to the limited predictability of wind power production,
the development of integrated Northern European intra-day and balancing mar-
kets will be necessary to enable wind power producers to adjust their day-ahead
market bids and balance their production portfolio in a cost efficient manner.
1.2 Scope of the thesis
The scope of this thesis is to simulate wind power production and assess vari-
ations in on a short term basis, including gradients and smoothing effects, de-
pending on the geographical distribution of the wind farms and how these vari-
ations may affect system operation. This includes the power system as well as
the power markets. The objective is to develop and suggest solutions for a cost
efficient and secure integration of wind power production in the power system,
based on a scientific foundation.
This thesis addresses:
• The modelling of wind power production on a European level
• The possibilities of a cost optimal grid expansion of inter-area transmission
connections to remove bottlenecks and to enable a further integration of
wind power production in the power system
3
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• The integration of day-ahead, intra-day and real-time power markets in
Northern Europe
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1.3 Scientific contributions
The scientific contributions of the thesis are:
• The development of a detailed model simulating wind power production
on a European level. The model is based on a high resolution numerical
weather prediction model along with an extensive data set of European
on- and offshore wind power facilities, including production scenarios for
2010, 2020 and 2030.
• The development of an enhanced model simulating a common European
day-ahead market. The model is based on the Power System Simula-
tion TOOL (PSST) developed by SINTEF Energy Research. The original
model has been extended by implementing the technical constraints of
thermal generators, e.g. minimum up- and down times, in order to simu-
late the unit-commitment problem in a more realistic way.
• The development of a mathematical model to simulate an integrated North-
ern European intra-day market, which is based on the outcome of the com-
mon day-ahead spot market. The intra-day market is simulated based on
a continuous revision of wind power forecasts. It is used to assess the
integration of national intra-day markets.
Based on the above models listed above, a set of case studies is executed, which
analyse:
• The variability and the predictability of wind power production on a full
European level, including on- and offshore scenarios for 2010, 2020 and
2030. Hourly and annual production variations and their influence on net
load ramps in the European system are investigated.
• The impacts of a cost optimal macroscopic grid expansion on the European
power system and its effects on day-ahead market prices and load flow.
The grid expansion costs and the socio-economic benefit are evaluated.
• The possibilities of balancing market integration in Northern Europe un-
der the influence of large scale wind power production. The simulations
are based on wind power production forecast with different lead times,
illustrating the influence of forecast deviations on tha balancing market
operation.
• The possibilities of an integrated Northern European intra-day market
to reduce effects of forecast deviations on the procurement of balancing
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reserves. Various market layouts are applied and evaluated based on their
efficiency with respect to system costs and remaining deviations.
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1.4 List of publications
The main research contributions are presented in the following publications.
Publication A T. Aigner and T. Gjengedal. Modelling wind power production
based on numerical weather prediction models and wind speed measure-
ments. In Proc. 17th Power Systems Computation Conferences (PSCC),
Stockholm, 2011
Publication B S. Jaehnert, T. Aigner, G. Doorman and T. Gjengedal. Impact
of large scale wind integration on power system balancing. In Proc. IEEE
PowerTech Conference, Trondheim, 2011
Publication C T. Aigner and T. Gjengedal. Modelling the northern European
electricity market. In Proc. of IEEE PES General Meeting, San Diego,
2012
Publication D T. Aigner, K. Schaber, T. Hamacher and T. Gjengedal. In-
tegrating wind - Influence of transmission grid extension on European
electricity market prices. In Proc. of IEEE PES Innovative Smart Grid
Technologies (ISGT), Berlin, 2012
Publication E T. Aigner, S. Jaehnert, G. Doorman and T. Gjengedal. The
Effect of Large-Scale Wind Power on System Balancing in Northern Eu-
rope. In IEEE Transactions on Sustainable Energy, 2012
Publication F T. Aigner, T. Gjengedal and O.B. Fosso. Assessing wind power
production variability and net load variations on a European level. Sub-
mitted to Wiley & Sons Wind Energy Journal, 2013.
Publication G T. Aigner, T. Gjengedal and O.B. Fosso. Large scale wind
power production in Northern Europe: Possibilities of an integrated intra-
day market in Northern Europe. Submitted to Elsevier Applied Energy,
2013
The research included following additional publications, which are offshorts of
this thesis.
Publication H T. Aigner and T. Gjengedal. Detailed wind power produc-
tion in Northern Europe. In Proc. Renewable Energy Conference 2010,
Yokohama, 2010
Publication I H. Holttinen, J. Kiviluoma, A. Estanqueiro, E. Gómes-Lázaro,
B. Rawn, J. Dobschinski, P. Meibom, E. Lannoye, T. Aigner, Y. Huei
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Wan and M. Milligan. Variability of load and net load in case of large
scale distributed wind power. In Proc.10th International Workshop on
Large-Scale Integration of Wind Power into Power Systems as well as on
Transmission Networks for Offshore Wind Farms, Aarhus, 2011
Publication J H. Farahmand, T. Aigner, G. Doorman, M. Korpås and D.
Huertas-Hernando. Balancing Market Integration in the Northern Euro-
pean Continent: A 2030 Case Study. In IEEE Transactions on Sustainable
Energy, 2012
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1.5 Thesis outline
The thesis is prepared on the basis of the previously listed publications. The
publications are partly revised and updated with recent results. Chapters 3
to 10 include parts of these publications. A summary of the content and the
publication number is given at the beginning of each chapter. The main body
of the thesis is split into two parts. Part I includes a description of the applied
models. Part II focuses on case studies and simulation results.
The thesis is structured as follows:
Chapter 2 compiles the background for the research.
PART I
Chapter 3 describes the wind power production model used to simulate the
European wind power production. The model is capable of simulating actual
and future on- and offshore scenarios. The simulation results are used for a
theoretical discussion of wind power production in Chapter 7 as well as an
input to the subsequent models. The chapter is based on Publications A and
F.
Chapter 4 includes a description of the day-ahead spot market model EMPS
and the regulating power market model IRiE, used for the simulations in Pub-
lications B and E
Chapter 5 describes the transmission grid expansion model URBS-EU. The
chapter includes an extended model description of Publication D.
Chapter 6 presents a full mathematical description of the day-ahead, intra-day
and real-time market models using the Power System Simulation model (PSST).
The chapter is based on Publication C
PART II
Chapter 7 is based on Publications A and F, which investigates the vari-
ability and the predictability of wind power production on a European level.
Furthermore, the influence on net load variations in the European power sys-
tem is investigated.
Chapter 8 discusses the impact of transmission grid expansion under the in-
fluence of large-scale wind power production. The influence on market prices
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and load flow, before and after the evaluated grid expansion scenarios, are anal-
ysed. The costs and benefits of the proposed grid expansion are evaluated. The
chapter is based on Publications C and D.
Chapter 9 discusses the impacts from large scale integration of wind power
production on the regulating power market outcome. The first stage of the
analysis is presented in Publication B. The chapter is extended by the findings
included in Publication E
Chapter 10 investigates the possibilities of an integrated northern European
intra-day market. The evaluated cases along with the respective results are
taken from Publication G.
Chapter 11 finalises the thesis. It includes a summary of the the thesis and
gives recommendations for further research topics.
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Background
This chapter compiles a background of the Wind Power Production (WPP) in
Europe, the European power system and the liberalised European electricity
markets. Section 2.1 describes the actual status of WPP in the European sys-
tem and gives an overview of the legislative framework (Subsection 2.1.1), the
Renewable Energy Sources (RES) support schemes (Subsection 2.1.2), the in-
stallation scenarios (Subsection 2.1.3) and the challenges for the power system
(Subsection 2.1.4). While Section 2.2 includes a description of the European
power system, Section 2.3 deals with the contemporaneous process of market
integration.
2.1 Wind power production in Europe
2.1.1 Legislative Framework
In 1997, the introduction of the Kyoto protocol was the first milestone in a
great many of agreements to reduce GHG emissions. The Kyoto Protocol is an
international agreement linked to the United Nations Framework Convention
on Climate Change [7]. The major feature of the Kyoto Protocol is that it sets
binding targets for 37 industrialized countries and the European community.
The binding targets of the protocol are defined in Article 3, stating that: "The
Parties included in Annex I shall, individually or jointly, ensure that their aggre-
gate anthropogenic carbon dioxide equivalent emissions of the greenhouse gases
listed in Annex A do not exceed their assigned amounts, calculated pursuant
to their quantified emission limitation and reduction commitments inscribed in
Annex B and in accordance with the provisions of this Article, with a view to
reducing their overall emissions of such gases by at least 5 per cent below 1990
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levels in the commitment period 2008 to 2012" [7, p.3].
Since the 5% goal of the Kyoto Protocol is rather conservative, the Euro-
pean Commission initiated the white paper ‘Energy for the Future: Renewable
Sources of Energy’ in the same year [8]. The EU member states were encouraged
to develop the legislative and regulatory framework for the expansion of renew-
able sources in the power system with the goal to achieve a 12% penetration
of RES by 2010 [8].
In 2001, the subsequent directive 2001/77/EG on the promotion of electricity
from RES in the internal electricity market was introduced. Even though the
directive did not include binding targets, the purpose was to "...promote an
increase in the contribution of renewable energy sources to electricity production
in the internal market for electricity and to create a basis for a future Community
framework thereof." [9, p.3].
Already in 2007 it was obvious that the ambitious 2010 targets could not
be met by all EU member states. Nevertheless, the willingness of the European
Commission to cut CO2 emissions was underpinned by the introduction of the
energy road map "Renewable energies in the 21st century" and the subsequent
EU proposal "An Energy Policy for Europe", aiming to define a longer term
energy policy for Europe [10, 11].
Directive 2009/28/EC finally translated the previous decelerations of intent
into binding targets [1]. The newly introduced targets for the year 2020 aim to:
• Reduce CO2 emissions by 20% compared to to the existing levels in 2005
• Cover 20% of the gross final energy consumption from RES
• Increase energy efficiency by 20%
The last step to reduce CO2 emission in the European union was made
with the implementation of EU directive 2009/29/EC. The directive defines a
long term goal for 2050, aiming to reduce the global Green House Gas (GHG)
emission by 50% below their 1990 levels [12].
2.1.2 Support schemes in Europe
Even though the political framework was established by the implementation of
the above mentioned EU directives, support schemes had to be introduced to
achieve the energy policy goals of sustainability, security of supply and com-
petitiveness. Directive 2001/77/EG plays a key role in the implementation of
national support schemes, aiming to promote an increase in the contribution of
renewable energy sources to electricity production.
The relatively high costs for installation and maintenance in combination
with the production uncertainty, leave an economical disadvantage of WPP,
12
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compared with conventional production sources. To promote the installation
and to increase the attractiveness for power producers to invest in RES, the EU
members states established a variety of support schemes. The incentives can
mainly be divided into two Market Based Instruments (MBIs) [13, 14]:
• Quantity-based market instruments
• Price-based market instruments
While most of the EU member states have implemented price-based MBIs,
only seven member states use quantity-based MBIs or a mix of various sup-
port schemes respectively(see Figure 2.1). The most important MBIs and their
effectiveness are explained in the following Subsections.
Figure 2.1: Support schemes in Europe in 2012
2.1.2.1 Quantity-based market instruments
i) Quota obligations
Quota obligations are used by governments to enforce consumers, suppliers
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and producers to procure a certain percentage of their power consump-
tion from RES. This obligation is usually implemented by the issuing of
Tradable Green House Certificates (TGCs). Power producers can sell elec-
tricity from RES at the power market price, or provide green certificates
to market participants. Suppliers and consumers can prove the fulfilment
of the quota obligations using the issued TGCs. If suppliers cannot prove
that they have fulfilled the obligations, they have to pay a penalty to the
government.
ii) Tendering
In the tendering process, a tender is announced for a certain amount of
electricity from a specific RES (e.g., solar, wind). The bidding process
ensures that the cheapest offer is accepted.
2.1.2.2 Price-based market instruments
i) Feed-in tariffs and premiums
Feed-in tariffs are the preferred MBIs among the European countries.
Feed-in tariffs are granted to both industrial and private electricity pro-
ducers for the electricity from RES which is fed into the electrical grid.
Therefore, producers are reimbursed for the produced energy instead of
RES capacity in their production portfolio. The tariffs are regulated by
governmental orders, taking the respective RES technology and the in-
stalled capacity of the production unit into account.
Both support schemes are usually guaranteed for a period of ten to twenty
years. The regulatory framework can be used to promote specific RES by
granting higher feed-in tariffs or/ and advanced premium payment.
While regular feed-in tariffs are purely based on government orders, pre-
miums are fixed extra payments added on top of the regular market price.
The advantage from the perspective of a sustainable energy producer is
that the premium price model causes a high financial turnover. On the
other hand, the variable price structure of premiums leaves a planning
uncertainty for new investments since there is no exactly definable basis
for revenue calculations.
ii) Fiscal incentives
Fiscal incentives mainly include tax reductions or exceptions, and are
mainly used as supplementary instruments to promote RES. Power pro-
ducers of renewable energy are exempted from certain taxes, mainly car-
bon taxes, as a compensation for the competitive disadvantages of RES.
The success of tax incentives is mainly based on the tax level in the re-
spective country. Especially in the Nordic countries, where there is a high
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energy tax level, these incentives can be used to promote and stimulate
the construction of new RES facilities in the system.
The effectiveness of each support scheme, and thus the ability to deliver
an increasing amount of electricity produced by RES, largely depends on the
country-specific regulatory and legislative framework. Nevertheless, a compari-
son of the main support schemes suggests that feed-in tariffs achieve the highest
level of penetration from RES in the electrical system [14].
2.1.3 Wind power installations in Europe
The previously described support schemes have drastically increased the share
of RES in the European power system. The transition from a mainly thermal
dominated power system to a system widely affected by RES and WPP in
particular will further continue. The latest available data on a European level
displays that a share of 12.5% of the EU-27 gross energy consumption was
reached in 2010, out of which 7.7% was produced by wind power [15]. Therefore,
wind energy is the third largest source of renewable energy in Europe after
biomass and hydro power[15].
It is assumed that the share of wind power will further increase in the future.
Especially in Northern Europe, where Photovoltaics (PV) cannot provide the
required efficiency, wind power will be one of the key technologies to reach the
2020 targets. Depending on the source, the predicted installed WPP capacity
in 2020 will rise up to 200 GW and can reach up to 300 GW in 2030 (see Figure
2.2). Other installation forecasts predict an even higher installed capacity of up
to 255 GW in 2020 [16].
The share of offshore installations in the North Sea and the Baltic Sea is
especially expected to increase extraordinarily. The higher offshore wind speeds,
together with an assumed decrease in investment costs for turbines and cables,
will further increase its attractiveness to investors [18]. Furthermore, the public
acceptance for offshore wind farms is high, especially in coastal areas with a
high density of already existing onshore installations.
2.1.4 Challenges of WPP
Even though the advantages of WPP with respect to GHG emissions and sus-
tainability are obvious, its integration into the power system is a challenge.
Holttinen [19] states that WPP affects the electrical system on all time-scales.
On a shorter time-scale, the system will mainly be affected by voltage varia-
tions, increasing demand for operating reserves, transmission and distribution
losses, the replacement of conventional energy production, and the curtailment
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Figure 2.2: Installation scenario the WPP in Europe [17]
of WPP. These negative repercussions will further increase in the future with
an increasing penetration level of WPP in the power system.
The main challenge of WPP is its varying production pattern. Unlike ther-
mal power plants having a scheduled production pattern, wind power is subject
to continuous production changes. This requires a system providing sufficient
production flexibility in order to balance the fluctuations accompanied by wind
power production. Even though the geographical distribution of generation fa-
cilities and the resulting smoothing effects will reduce the overall production
variability, WPP remains inherent to variations and production ramps.
Furthermore, the predictability of wind power is of great concern. Within
the last couple of years newly introduced numerical weather prediction models
have highly increased the accuracy of wind speed forecasts. Nevertheless, the
remaining forecast deviations lead to uncertainties in the production scheduling
and the unit-commitment of conventional power plants [20].
Besides, a certain amount of backup capacity is required in the power system
to replace wind power during times of low production. Especially in islanded or
areas with weak interconnections to neighbouring areas the power system has
to provide a sufficient amount of production reserves has to be available [6].
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2.2 The European power system
2.2.1 System design
In the beginning of the 1990s, the transformation and reorganization of the
European electricity sector was launched by the Electricity Act in Wales and
England, followed by the Energy Act in Norway and the European Electricity
Market directive 1996/92/EC [21]. The objective of restructuring was to trans-
form the vertically integrated utilities, operating as franchised monopolies, into
competitive electricity markets, facilitating an efficient production, transmission
and retail of electricity [22]. Besides an increased efficiency in a competitive mar-
ket environment, the objective of the European energy policy was to provide a
secure, sustainable and competitive energy supply for Europe.
To reach these goals, the unbundling of generation, transmission and dis-
tribution was the focus of EU directive 2003/54/EC [23]. Furthermore, the
directive defined common rules for an internal electricity market and a non-
discriminatory access to the network, based on the third-party access rights.
In 2009, the Third EU Energy Package was launched by the introduction of
EU directive 2009/72/EC [24], repealing directive 2003/54/EC. A revised direc-
tive was necessary since the EU commission came to the following conclusion:
"In the light of the dysfunction in the internal market in electricity, the Eu-
ropean Commission considered it necessary to redefine the rules and measures
applying to that market in order to guarantee fair competition and appropriate
consumer protection" [25].
Article 9 therefore directly addresses the unbundling of vertically integrated
utilities based on an effective separation of supply and generation activities from
network operations:
"Member States shall ensure that from 3 March 2012:
a) each undertaking which owns a transmission system acts as a transmission
system operator;
b) the same person or persons are entitled neither:
i) directly or indirectly to exercise control over an undertaking per-
forming any of the functions of generation or supply, and directly or
indirectly to exercise control or exercise any right over a transmission
system operator or over a transmission system; nor
ii) directly or indirectly to exercise control over a transmission system
operator or over a transmission system, and directly or indirectly to
exercise control or exercise any right over an undertaking performing
any of the functions of generation or supply."
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Furthermore, the Directive addresses and encourages the member states and
regulating authorities to:
"...cooperate with each other for the purpose of integrating their national mar-
kets at one or more regional levels, as a first step towards the creation of a
fully liberalised internal market. In particular, the regulatory authorities where
Member States have so provided or Member States shall promote and facilitate
the cooperation of transmission system operators at a regional level,including
on cross-border issues, with the aim of creating a competitive internal market in
electricity, foster the consistency of their legal, regulatory and technical frame-
work and facilitate integration of the isolated systems forming electricity islands
that persist in the Community."
By now, the European power system is split into five synchronous areas (see
Figure 2.3), mutually interconnected by DC transmission corridors. The in-
dependent TSOs, organized in the European Network of Transmission System
Operators for Electricity (ENTSO-E), now coordinate the various European
synchronous power systems under one body. This will lead to a further stan-
dardization of technical regulations and a gradual convergence of system oper-
ation.
Figure 2.3: Synchronous regions and coordination areas in Europe [26]
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2.2.2 System operation
The restructuring of the electrical system and the unbundling of hierarchical
structures has led to a division between the physical flow of electricity, includ-
ing power generation, transmission and consumption, and the financial flow of
money, connecting producers, grid owners and consumers via the power markets
(see Figure 2.4).
Figure 2.4: Layout of an unbundled electricity system [5]
2.2.2.1 Generation
Power generation in Europe is largely dependent on the energy sources in the
respective area. While the Nordic area is a hydro-thermal system, the conti-
nental European region as well as the UK, Ireland and Baltic area are largely
dominated by thermal production facilities. Besides nuclear power, fossil fuels
such as coal and gas represent the main share in the respective area produc-
tion portfolio. Due to the political willingness to cut CO2 emissions and the
implementation of binding requirements, e.g., the 20-20-20 targets, defined in
directive 2009/28/EC [1], the system will successively transform from a thermal
system into a system widely affected by RES. Not only WPP will be of a rising
concern in the electrical system, but also PV and Biomass will play a key role
in the future power production. Due to the unique features of electricity, e.g.,
instant balance of generation and consumption and a lack of large scale storing
possibilities, along with the variable nature of most RES, a revision of the power
plant portfolio will be necessary.
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Since the generator portfolio of most power producers includes several power
plants and various types of production sources, the production schedule has to be
optimized in order to minimise production losses. The optimization, called unit
commitment and dispatch, takes the expected demand, the respective marginal
production costs and the technical generator constraints into account.
The variability of WPP along with the production uncertainty will largely
affect the unit-commitment and subsequent generator dispatch of conventional
generators. Especially, the technical constraints of thermal generators, e.g.,
minimum up- and down times, limit the unit-commitment of power plants.
Therefore, a large share of fast starting generators, e.g., gas turbines or hydro
power plants, providing the required production flexibility will be necessary for
a secure integration of large scale wind power.
2.2.2.2 Transmission
The purpose of the transmission system is to connect the power producers with
the consumers of electricity. The transmission system is vertically divided into
a transmission and a distribution grid, distinguished by the associated voltage
levels. While the transmission grid is owned and operated by the Transmission
System Operator (TSO), the distribution grid is operated by the Distribution
System Operator (DSO). The role of the respective system operators is to co-
ordinate and guarantee equilibrium between supply and demand, and to manage
the security of the power system in real time in a manner that avoids fluctuations
in frequency or interruptions of supply.
In addition to their roles of managing real-time dispatch and system security,
the system operators are also responsible for grid maintenance and future grid
expansion planning, facilitating the commissioning of new generators.
2.2.2.3 Consumption
Electricity consumption is the main driver in the power system. The generation
pattern as well as the transmission is scheduled based on stochastic demand
forecasts predicting daily and annual demand variations. Each country or area
in the European power system shows specific demand patterns which have to
be considered in the system scheduling.
2.2.2.4 Trading
In the traditional organisation of the electricity sector, consumers were forced
to buy electricity at a set price from the franchised monopolies in the respective
areas. However, the restructuring of the electricity sector, competitive power
markets were established, connecting consumers and producers, based on the
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principle of economic supply and demand. The balance is created by price,
which consumers and producers observe and adapt [27]. The electricity markets
enable the market participants to trade electricity bilaterally or on a spot market
basis. With the restructuring, various market layouts have been established in
the in the European power system.
The following description focuses on the NordPool market design used in the
Nordic area. The wholesale electricity market mechanism is typically divided
into a set of consecutive steps including the forward or futures market, the day-
ahead, intra-day and balancing market. Figure 2.5 displays the market layout
in the Nordic area.
Figure 2.5: Overview of the Nordic electricity market [28]
2.2.2.5 Forward/Future market
The forward market is divided into a bilateral Over-The-Counter(OTC) market
and the Eltermin market for financial trading run by NordPool. The Elter-
min market is used for trading forwards and futures which are purely financial
contracts, for trading and risk management, e.g., hedging against future price
uncertainties. While futures have a trading horizon of eight to nine weeks,
forward contracts can be traded for a time span of up to four years [29]. Fur-
thermore, Contracts for Differences (CfDs) are available to overcome possible
price differences between system price and the actual area price.
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In contrary to the specified financial products traded in the Eltermin market,
OTCs are bilateral contracts with a certain flexibility in the load profile (load
factor contracts) [29]. In bilateral contracts, two parties agree on a specified
amount of electricity within a certain time period. These contracts may include
the physical delivery of electricity.
2.2.2.6 Day-ahead market (NordPool Spot)
With real-time approaching, the day-ahead market settles the physical delivery
of electricity based on hourly contracts, block contracts and flexible hourly con-
tracts, covering all 24 hours of the next day [30]. Market participants are able
to participate in the market by placing offers for electricity supply and demand.
The intersection point between supply and demand biding curve sets the market
price of electricity for each hour of the bidding period.
2.2.2.7 Intra-day market
After day-ahead market closure until delivery, the market participants need
market access in the intervening hours to improve and adjust their physical
electricity balance. Therefore, the intra-day market offers the possibility to
readjust the scheduled day-ahead market bids, based on a continuous trading
from day-ahead market closure until one hour before delivery, as in the Nordic
ELBAS system, or based on consecutive spot trading sessions, as in the Iberian
OMEL market [30, 31]. Due to the integration of RES and the related issues
with respect to variability and predictability, the intra-day market will be of
prime concern in the future.
2.2.2.8 Balancing market
After intra-day market closure, the responsibility to assure system balance is
handed over to the TSO. The regulating or balancing market therefore may be
regarded as the market where the TSOs acts as intermediary or facilitator to as-
sure the supply and demand equilibrium [32]. The TSO therefore transfers part
of its balancing obligation to market participants, called Balancing Responsi-
ble Parties (BRP), by making them responsible for keeping their own portfolio
balanced via the imbalance settlement. The basic structure of the regulating
power market is shown in Figure 2.6.
Since the liberalisation and the reorganisation of the electricity sector the
TSO no longer holds generation resources in direct ownership. Therefore, the
TSO has to contract balancing services, namely reserve capacity and balancing
energy, from market participants called Balancing Service Providers (BSP).
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Figure 2.6: Regulating power market structure [33]
Reserve capacity refers to the procurement of regulating reserves, where the
TSO commissions BSPs for the availability of regulating reserves which can be
activated in real-time. For the provision of reserve capacity, BSPs receive capac-
ity payments from the TSO. Depending on the actual market arrangement, the
TSO is able to procure these reserves through mandatory impositions, bilateral
contracts or via an auctions market [28].
Balancing energy is provided in case of disturbances in the system. The TSO
takes the necessary actions to re-establish system balance by activating regu-
lating reserves in real-time. The BRP causing the imbalance in the system has
to pay an imbalance charge (e/MWh) to the TSO, which is then paid to the
corresponding BSP as an energy payment.
Market participants, whose actual production or consumption deviates from
their day-ahead or intra-day market bids, have to pay their share to re-establish
balance in the system.
2.3 European power market integration
The restructuring and liberalisation of the European electricity system was the
first step towards competitive power markets on a national basis. As early as
1996, the EU commission released directive 1996/92/EC aiming for a gradual
establishment of an internal power market in Europe [21]. The market in-
tegration on a European level was emphasised by the EU member states by
introducing following directives 2003/54/EC and 2009/72/EC [23, 24]. Regula-
tion 1228/2003 and directive 2009/72/EC directly addressed cross-border issues
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by aiming to establish fair rules for cross-border exchanges and to enhance the
competition within the internal electricity market [24, 34].
Regional incentives were initiated by the European regulators in a ‘European
body of independent regulators acting as an advisory group to the Commission’
called ERGEG [35]. On the way to a common European electricity market, the
European regulators introduced an initiative to establish seven regional markets,
integrating neighbouring countries (see Figure 2.3).
The overall aim of market integration and coupling is to maximise the sur-
plus of all participants and increase the social welfare [36]. Furthermore, the
coupling of different market areas increases the security of supply, since the
dependency on one particular country, fuel type or trading partner is reduced.
With respect to WPP, an internal European power market offers the possibil-
ity to fully utilize the effects of geographical smoothing, therefore reducing the
impacts of WPP on the system under the premise that a sufficient amount of
cross-border transmission capacity is available.
The actual status of market integration for Europe is described in the fol-
lowing Sections.
2.3.1 Day-ahead sport market coupling
A first achievement in Europe was the introduction of the integrated common
day-ahead market, NordPool, in the Nordic area. The NordPool market started
in Norway and was gradually extended to Sweden (1996), Finland (1998), Den-
mark (2000) and Estonia (2010). Germany partly joined in 2005. By now,
NordPool includes day-ahead spot market and intra-day trading.
In 2006, the Trilateral Market Coupling (TLC) between France, Belgium and
the Netherlands was introduced. Despite a market integration as in the Nord-
Pool area, a price-coupling mechanism was introduced to optimize the utiliza-
tion of cross-border transmission corridors while retaining the national power
markets. In 2010, the TLC was replaced by the Central Western European
(CWE) region, now including the TLC members plus Germany, Luxembourg
and Austria.
Due to the success of NordPool and the TLC, the Interim Tight Volume
Coupling (ITVC) between Denmark and Germany was introduced in 2009, now
connecting the Nordic and the CWE area.
Besides the day-ahead spot market coupling in Northern Europe, the Iberian
electricity market ‘Mercado Ibérico de Electricidad (MIBEL)’ was launched in
2007. It constitutes a joint initiative by the Portuguese and the Spanish govern-
ment to establish a regional electricity market. While the day-ahead spot market
is operated by the Spanish market operator ‘Operador del Mercado Ibérico de
Energia, Polo Español (OMEL)’, the derivatives market is run by its Portuguese
counterpart the ‘Operador do Mercado Ibérico, Polo Portugal (OMIP)’.
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2.3.2 Intra-day market
Along with the day-ahead market coupling, the planning of cross-border intra-
day market is the focus of TSOs and regulators. Two of the most established
systems are the Electricity Balance Adjustment System (ELBAS) in the Nordic
area and the Spanish OMEL intra-day market. [37]
2.3.2.1 ELBAS
In the Nordic Area, the ELBAS market was introduced as part of NordPool.
Presently (2012) Norway, Denmark, Finland, Germany and Estonia have joined
the trading platform [38]. The ELBAS market allows a continuous trading from
day-ahead market closure until one or two hours before real time. Both, hourly
bids and block bids are accepted. Prices are set based on a first-come first-served
principle. The available transmission capacity between areas is automatically
controlled and updated after each trading session. In 2010, a joint venture
consisting of the market operators APX-ENDEX, Belpex and NordPool have
agreed to establish an integrated cross border intra-day market based on the
ELBAS system [39]. The market will first be implemented in Belgium and the
Netherlands, coupled to NordPool through the NorNed cable between Norway
and the Netherlands and the transmission corridors connecting Germany and
Denmark [35, 40].
2.3.2.2 OMEL
Based on Article 15 of Royal Decree 2019/1997, the Iberian intra-day market
was established as part of the OMEL electricity market [31]. Contrary to the
ELBAS system offering continuous trading possibilities, the Spanish intra-day
market is split into six consecutive trading sessions, starting 28 hours before real
time. Agents who have participated in the corresponding day-ahead market or
who have executed a bilateral contract are allowed to sell or purchase bids in
the intra-day market corresponding to those daily market sessions they have
participated in.
2.3.3 Balancing markets
Despite the progress in the harmonization and integration of day-ahead spot
and intra-day markets, the achievements in establishing an integrated balanc-
ing market are limited. Different proposals for the cross-border exchange of
balancing energy and the integration of balancing markets have been made,
which can generally be divided into two approaches [33, 41, 42]:
TSO-BSP
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This approach enables TSOs with the possibility to contract balancing services
from BSPs in a neighbouring area. BSPs therefore have the possibility to iden-
tify the best possible offer for their services either by selling in their own control
area or to TSOs elsewhere.
TSO-TSO
This approach enables a TSO to procure real-time energy from its neighbouring
TSOs. The TSO providing balancing services is reimbursed through energy
payments. Exchanges can either be limited to services in excess of those needed
to maintain the balance in the TSO’s own control area, or can include all services
via the use of a common merit order [33].
The possibilities and benefits of an integrated Northern European balancing
market, especially the possibilities of using Norwegian hydro power as a buffer
or swing bus, are discussed in [5, 28].
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Chapter 3
Modelling wind power
production
Publications A and F
The chapter summarizes Publication A and is extended by updated simulation
results from Publication F. The chapter provides the modelling methodology for
simulating wind power production time series based on numeric wind prediction
models, wind speed measurements and mixed data sets. This chapter tries to
answer the following questions: What is the best wind speed data source for
modelling distributed large scale wind power production on a European level?
How accurate are the models? What are the advantages and disadvantages of
each data set? The chapter begins with Section 3.1 including background infor-
mation and an overview over previous models. Section 3.2 gives a description
of the model parameters and the various wind speed data sets. Section 3.3 de-
scribes the methodology of the proposed models followed by a validation of the
simulation results in Section 3.4. The chapter ends with Section 3.5 including
a discussion of the various models.
3.1 Background
The increasing share of RES in the Europe has brought the modelling of WPP
into the focus of power system simulations. In order to simulate the effects of
distributed WPP on the system stability, the reserve requirements and other
the affects related to WPP, a high temporal and geographical resolution of the
model is needed.
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Previous wind power production models were mainly based on two ap-
proaches:
• Up-scaling the WPP time series from a limited number of wind power
facilities to match the installed area capacity [43, 44].
• Utilization of wind speed re-analysis wind speed data [45].
Both approaches exhibit several limitations.
The up-scaling of WPP using a limited number of wind power production
sites disregards the effects of geographical smoothing. The resulting scaling error
leads to overestimation of hourly production variations, ramping gradients and
misinterpretation of wind power variability [46]. Furthermore, the procurement
of real wind power production data on a European level is problematic due to
the secrecy of power producers.
Simulations based on re-analysis data mainly suffer from accuracy problems.
Since the wind speed data is only available with a six-hourly time resolution,
short term variations of WPP and the corresponding effects on the power sys-
tem cannot be simulated with the desired accuracy. Furthermore, the distance
between wind speed data points of 2.5 degrees in longitude and latitude requires
an interpolation over long distances. The topographical characteristics between
the data points, e.g., the hilliness of the terrain, influencing the wind speed and
therefore the WPP, cannot be captured by the data set.
The intention of the presented model is to increase the precision of WPP
simulations and to identify the most reliable data set. The evaluated wind speed
data sources include:
i) Real wind speed measurements
ii) Numerical Weather Prediction (NWP) models provided by the Consor-
tium for Small Scale Modelling (COSMO)
• COSMO EU - Regional model covering Europe
• COSMO DE - Local model covering Germany
iii) Re-analysis data
While the Danish simulation results are based on wind speed data from
2004, the German results are based on a 2008 data set. Different years had to
be chosen due to the limited availability of wind speed and TSO data.
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3.2 Model Parameters
3.2.1 Simulation area
The simulation area includes Denmark and Germany. Since the aim of the
model is to simulate WPP on a European level, the opportunity to provide
accurate simulation results for a complex terrain is necessary. Due to topo-
graphical dissimilarities between Germany and Denmark, and also variations
in the installed capacity and the size of the simulation area, a representative
portrayal of Europe is outlined.
3.2.2 Wind speed measurement grid
Most European meteorological offices provide wind speed measurement data sets
for academic research. Wind speed measurements for Germany and Denmark
were provided by the meteorological institutes namely the ‘Deutscher Wetter
Dienst (DWD)’ and the ‘Danmarks Meteorlogiske Institut (DMI)’, respectively
[47, 48]. The data set includes 56 and 88 measuring stations for Denmark
and Germany, respectively (see Figure 3.1). This corresponds to the maximum
amount of available measuring stations, providing a time resolution of one hour
or less. In fact, all chosen stations deliver measurements with a time resolution
of ten minutes. This enables the simulation of intra-hourly WPP variations.
The wind speeds were mainly measured at a height of ten meters to reduce the
influence of ground effects.
3.2.3 The COSMO model
The numerical weather prediction model COSMO was developed by the Con-
sortium for Small Scale Modelling [49]. The consortium formed in 1998, is a
joint venture of seven meteorological offices from Switzerland, Germany, Italy,
Greece, Poland, Romania and Russia. "It’s general goal is to develop, improve
and maintain a non-hydrostatic limited-area atmospheric model, to be used both
for operational and for research applications by the members of the consortium"
[49].
The model is based on thermal-hydrodynamical equations describing the
compressible flow in a moist atmosphere [49]. A detailed documentation includ-
ing the basic model design, dynamics, physical parametrizations and the data
assimilation is provided in the technical reports on the COSMO website [50].
The actual wind speed data is available with a time resolution of one hour.
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Figure 3.1: Wind speed measuring stations in Germany and Denmark
Figure 3.2: Model domain COSMO EU(whole picture), COSMO LM (black
box) and COSMO DE (red box) [51, 52]
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3.2.3.1 Regional NWP Model COSMO EU
In 2005, the latest version of the regional NWP model called COSMO EU
covering the whole European continent, was launched, replacing the previous
COSMO-LM model [51]. The highly sophisticated modelling routine simulates a
meshed data grid with a point to point resolution of 7 km x 7 km. The resulting
665 x 657 data nodes include the meridional and zonal wind components, offering
the possibility to simulate the absolute wind speed in line with the respective
wind direction.
Like all COSMO NWP models, the topography and the ruggedness of terrain
is included in the wind speed data assimilation. The surface roughness length
z0 of each wind speed data point is available via the PAMORE web interface of
the DWD [53].
3.2.3.2 Local NWP Model COSMO DE
The COSMO DE model is the latest step in the development of the COSMO
models and represents the possible future of NWP models. With a spatial res-
olution of 2.8 km x 2.8 km, which corresponds to 421 x 461 data grid points,
COSMO DE was developed to simulate local weather phenomena and atmo-
spheric convection 1. Due to its high resolution, the main purpose of COSMO
DE is the forecasting of thunderstorms and subregional weather events [52].
Even though the COSMO DE model is only available for Germany, it offers
the opportunity to display the possibilities of improved NWP models with an
increasing point to point resolution. A numerical prediction model covering the
COMSO EU area with the COMSO DE resolution is likely to be introduced
within the next few years [47].
3.3 Modelling approach
3.3.1 Simulation parameters
The input data, including power curves, roughness length and wind power fa-
cilities, build the basis for the simulations and are applied to all methodologies.
3.3.1.1 Wind turbine production curve
The wind speed to power conversion is based on two different turbine power
curves. While facilities with an installed capacity of less than 10 MW are de-
1Convection generally means the lifting of a portion of air which is warmer compared to
its environment [47]
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scribed by a single turbine curve, larger facilities are modelled by an aggregated
curve (see Figure 3.3).
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Figure 3.3: Single and aggregated wind turbine curve
The aggregated turbine curve is derived from the multi-turbine power curve
approach described in [44], using a one-year historical production data of a
Norwegian wind farm. Wind farm wake effects are neglected in the simulations
since the modelling requires an extensive data set including the farm layout
and the relative wind direction for each turbine. The aggregated power curve
therefore represents a best estimate reflecting the mutual blocking and outages
of turbines within a wind farm.
3.3.1.2 Installation scenarios
The European onshore wind power facilities, except for Germany, are based
on the data provided in [54]. The numbers given in the data set largely cor-
respond to the installation scenarios published by the European Wind Energy
Association (EWEA) [55]. For Germany the renewable energy act (′Erneuerbare
Energien Gesetz (§§45 - §§52)′) stipulates the German TSOs to publish the RES
energy production in line with the wind power production facilities connected
to the grid [56, 57]. The open source data base contains all registered wind
power facilities in Germany, including the installed capacity and the respective
geographical coordinates.
For Germany, the data set includes around 16000 wind power facilities while
the Danish area is represented by 1229 wind units, ranging from single turbines
up to multi-megawatt wind farms. In order to illustrate the correlation of wind
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speeds over a certain distance and to incorporate regional as well as supra-
regional weather phenomena, each production facility is modelled individually.
The data distinguishes wind power facilities by their inauguration year.
Therefore, the data base is a snapshot of Denmark in 2004 and Germany 2008
respectively. Figure 3.4 shows the Danish wind power facilities in 2004 with an
installed capacity of more than 10 MW.
Figure 3.4: Danish wind power facilities with an installed capacity of more than
10 MW
Since there might be minor deviations between the applied data sets and the
commonly accepted EWEA reference data, a correction factor is introduced to
compensate these deviations (see Table 3.1) [55].
Table 3.1: Installation scenarios Germany and Denmark
Area EWEA Data base Correction Factor
Germany 23897 21589 1.10
Denmark 3123 3165 0.98
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3.3.1.3 Scaling wind speeds
Since the delivered wind speed data from both sources - wind speed measure-
ments and COSMO data, is measured in a height of 10 m, a logarithmic scaling
is necessary to obtain the wind speed at wind turbine hub height, according to
Equation (3.1). The surface roughness length , describing the roughness char-
acteristic of the terrain, is considered in the scaling process of each wind speed
data point.
Hf = log10(href/z0)/log10(hmes/z0) (3.1)
where:
Hf : Scaling factor
href : Reference hub height
z0: Surface roughness length
hmes: Measurement height
According to Equation 3.2 the wind speed velocity at hub height VH , called
meso wind, is the product of the scaling factor Hf and the measured wind speed
velocity VM [58].
VH = Hf · VM (3.2)
3.3.2 Simulation procedure based on measurements
The modelling procedure based on wind speed measurements is divided into
several consecutive steps. In the first step, a two dimensional coordinate system
including the geographical coordinates of measuring stations and WPP facilities
is established. In the second step, the wind speed for every hour in the wind
speed data time series, for each measuring station, is plotted along the z - axis.
The corresponding wind speeds for each measuring station are scaled up to hub
height according to Equations 3.1 and 3.2. The resulting meso wind is less
affected from external influences like surface roughness variations or obstacles
[58]2.
The meso wind data points are meshed via a triangulation in order to get
a three dimensional hull, representing the interpolated wind speed in the geo-
graphical area. The perpendicular intersection between wind farm coordinates
and the wind speed hull defines the respective wind speed for each WPP facility
in the coordinate system (see Figure 3.5).
2Higher up in the surface layer, the wind flow will be less disturbed, except for minor
streamline displacements [58]
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Figure 3.5: Wind speed triangulation using the example of Norway
3.3.3 Simulation procedure based on numerical models
The simulations for both NWP models - COSMO DE and COSMO EU, follow
the same data conversion and modelling guidelines.
The COSMO data provided by the German meteorological office [47] is
stored in a rotated coordinate system. Therefore, a data conversion is nec-
essary to obtain the wind speeds in a spherical system, which can be further
processed during the wind power simulations. Pole rotation is a consequence of
numerical convergence problems of the meridians resulting in pole singularities
in the spherical coordinate system. Therefore, the pole is tilted and transferred
so that the equator runs through the center of the model domain (see Figure
3.6)[50]. This allows a minimization of convergence problems for any model
domain.
Two consecutive coordinate transformations are used to obtain appropriate
dynamic equations.
In the first step, the Cartesian coordinate system (X,Y, Z) located at the
earth’s center and the Z-axis oriented along the axis of the earth’s rotation
pointing to the North Pole, is transferred into a new system (X˜, Y˜ , Z˜).
The origin of the new system is also the center of the earth.In the new
coordinate system, the Z˜- axis points from the centre towards a point PN =
(λNg , ϕNg ) in which λNg is the geographical longitude and ϕNg is the geographical
latitude [50]. PN defines the new North Pole of the rotated system. In COSMO
EU and COSMO DE, the pole coordinates are set to λNg = 170◦ W and ϕNg =
40◦ N .
As the first step is only a rotation of the Cartesian coordinate system, the
second step is needed to transfer the spherical longitude λ and latitude ϕ into
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Figure 3.6: Full lines display the rotated spherical coordinate system with the
North Pole shifted to point PN with geographical Coordinates λ = 40◦ W and
ϕ = 30◦ N . Broken lines indicate the natural geographic coordinate system [51]
the geographical longitude λg and latitude ϕg [51]. Using Equations 3.3 and 3.4,
each point of the rotated coordinate system is transferred into the equivalent
geographical position.
λg = arctan
{ − cos ρ sinλ
−cosϕ sinϕNg cosλ+ sinϕ cosϕNg
}
+ λNg (3.3)
ϕg = arcsin
{
sinϕ sinϕNg + cosϕ cosλ cosϕNg
}
(3.4)
where:
• ϕ: Latitude
• λ: Longitude
Labelling:
• g: geographical coordinates
• N : pole coordinates
After the rotation of the coordinate system, the zonal ug and meridional vg
wind components can be calculated as follows:
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ug = u cos δ − v sin δ (3.5)
vg = −u sin δ + v cos δ (3.6)
Where δ is the angle between the meridians of the geographical and rotated
system defined according to:
δ = arctan
{
cosϕNg sin(λNg − λg)
cosϕg sinNg − sinϕg cosϕNg cos(λNg − λg)
}
(3.7)
Since the rotated pole is set to 170◦ W , δ becomes zero for all grid data
points along 10◦ E. Therefore, the meridional and zonal wind speeds in the
rotated (u,v) and the geographical (ug,vg) system are equal. With an increasing
distance from 10◦ E, δ and the differences between wind speeds in the rotate
and geographical system become larger. To compensate the angular offset and
to determine the correct wind speed for each data point in the geographical
system, the data conversion according to Equations 3.5 and 3.6 is necessary.
After the conversion, each single data grid point is scaled up to hub height
according to Equations 3.1 and 3.2, taking the respective surface roughness z0
into account. The geographical wind farm coordinates can now be implemented
into the converted COSMO data grid. The wind speeds for each wind facility
are interpolated from the surrounding wind speed data points.
3.4 Simulation results
The legal framework in Germany and Denmark forces the local TSOs, namely
energinet.dk, 50Hertz, TenneT, Amprion and Transnet, to publish historical
WPP time series data of the respective areas [59, 60, 61, 62]. The modelling re-
sults are validated using the TSO production data of both countries as reference
values.
3.4.1 WPP in Denmark
The simulation results for Denmark 2004 are displayed in Table 3.2 and Figure
3.7. While the statistical errors in Table 3.2 are based on annual simulation
results, the results in Figure 3.7 display a three week simulation period.
The results in Table 3.2 illustrate that the best model results in Denmark
can be achieved by simulations based on wind speed measurements. With an
annual Mean Absolute Error (MAE) of 145 MW and Normalised Root Mean
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Square Error (NRMSE)3 of 0.030, the simulation results are slightly better than
the results achieved by COSMO EU wind speed data. The results based on the
COSMO data set reach a a MAE of 186 MW and a NRMSE of 0.031. The
results of both wind speed data sources largely correspond to the TSO data,
reflected by a correlation coefficient r of 0.97 and 0.94, respectively.
On the other hand, the simulation results based on re-analysis data largely
deviate from the TSO reference data. With an MAE of 331 MW and an
NRMSE of 0.15, the simulation results are beyond acceptable limits. Due to the
six-hourly time increment, wind power production can only be simulated with
rudimentary accuracy.
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Figure 3.7: Simulation results WPP Denmark, January, 2004
Table 3.2: Simulation results WPP Denmark
MAE [MW] NRMSE r
Measurements 145 0.030 0.97
COSMO EU 186 0.031 0.94
Reanalysis 331 0.156 0.85
3.4.2 WPP in Germany
The simulation results for Germany 2008 are displayed in Figure 3.8 and Table
3.3. As in the case of the simulations for Denmark, the statistical errors in
3Normalised by the installed area capacity
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Table 3.3 are based on annual simulation results, while the results in Figure 3.8
display a snapshot from January 2008.
0 100 200 300 400 500 600
0
1000
2000
3000
4000
5000
6000
7000
8000
 
 
Time [h]
P
o w
e r
 P
r o
d u
c t
i o
n  
[ M
W
]
TSO
Measurements
COSMO EU
COSMO DE
Figure 3.8: Simulation results WPP Germany, January, 2008
The simulation results for Germany are in contradiction to the Danish re-
sults. The numbers in Table 3.3 as well as the plots in Figure 3.8 illustrate that
the grid of wind speed measuring stations does not provide the required density
for an accurate simulation of WPP in Germany. With an MAE of 1 016 MW
and an NRMSE of 0.068, the simulations results are beyond acceptable limits.
Table 3.3: Simulation results WPP in Germany
MAE [MW] NRMSE r
Measurements 1016 0.068 0.89
COSMO EU 531 0.035 0.96
COSMO DE 265 0.015 0.98
The accuracy of the modelling results based on COSMO EU data on the
other hand, largely match the Danish simulation results. With an MAE of 531
MW and an NRMSE of 0.035 the real wind power production is simulated with
high accuracy.
Even better results can be achieved with the COSMO DE data set. The
MAE is further reduced to 265 MW and the NRMSE to 0.015 respectively.
The increased resolution of the COSMO DE wind speed data grid reduces the
simulation error by about 50%.
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3.5 Conclusion
The Danish results show that with measurements based on a dense wind speed
measuring grid most promising results can be achieved. For countries similar to
Denmark, in station density but also in topography, wind speed measurements
are the most accurate source for WPP simulations. Furthermore, most mete-
orological offices provide measurements with a time resolution of ten minutes,
offering the possibility to simulate sub-hourly variations.
For a widely meshed grid of measuring stations or rough areas, the accuracy
of the results is beyond acceptable limits. The limited number of measuring sta-
tions in Germany is in no proportion to the size of the country. In combination
with the varying landscape, the ruggedness of the terrain and the disregard-
ing of obstacles in the triangulation process, an accurate simulation of wind
power production based on measurements is not possible. The major disadvan-
tage of simulations based on measurements is the inability to simulate offshore
WPP. Furthermore, TSO data is required to verify the simulation results since
it is problematic to predict if the measurement grid is dense enough. Another
drawback is the computation time of the triangulation.
Based on the highly sophisticated COSMO data set, very accurate results are
achieved. The simulations prove that even in areas with a varying topographic
terrain, the model delivers simulation results with almost equal accuracy. The
constant accuracy of modelling results is one of the major advantages of WPP
simulations based on NWP models. The main advantage of NWPs is the pos-
sibility to simulate on- as well as offshore facilities. This is of high importance
especially when simulating future scenarios including a high share of wind in-
stallations in the North Sea and the Baltic Sea.
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EFI’s Multi-area
Power-market Simulator
(EMPS)
Publications B and E
The chapter includes a summary of the EMPS model (EFI’s Multi-area Power-
market Simulator) used in Publications B and E. The EMPS model is developed
by SINTEF Energy to simulate hydrothermal power systems including a con-
siderable share of hydro power [63]. The model was considerably extended by
Jaehnert [5] and is now capable of simulating the northern European regulating
market. Section 4.1 includes a description of the parameters considered in the
model. Section 4.2 explains the modelling steps including the day-ahead-market,
the reserve procurement phase and the real-time system balancing. A complete
mathematical description of the model can be found in [64][65].
The EMPS market model was developed to simulate and optimize the Nordic
power system, including Norway, Sweden and Finland, while explicitly taking
the hydrological conditions and other properties unique to a hydro power sys-
tem into account. The model is based on a detailed description of the Nordic
hydro power system including generator capacities, size of hydro reservoirs, wa-
ter course description and numerous inflow scenarios [66]. Within the model,
the power system is split into various interconnected areas, as shown in Figure
4.1. The area boundaries are defined based on the hydrological conditions and
other properties of the hydro system, bottlenecks in the transmission system as
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well as country borders [65, 66].
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Figure 4.1: Geographic overview of day-ahead and regulating power market
model [5]
4.1 Model parameters
The simulation of the power market is based on the following assumptions and
parameters.
Hydro power
In EMPS, a detailed description of the Nordic hydro power system is imple-
mented. Each hydro power module in the model is simulated based on a set of
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parameters including reservoir data, inflow, installed generator capacity, water
discharge, spillage and bypass paths connecting the hydro system (see Figure
4.2).
The possible production of each hydro power plant is largely dependent on
the capacity of the corresponding reservoir and the equivalent stored energy.
The inflow is divided into storable inflow into the reservoirs, and non-storable
inflow which is instantaneously used for power production. For the Nordic area,
the model includes inflow scenarios for more than 75 years. The reservoirs can
be discharged through the connected power plants, spillage of water or through
bypasses in the system. The power production for each plant is represented by
the respective energy conversion factor [kWh/m3]. The power plant output is
defined by a piecewise linear function, describing the dependency between water
discharge and power production [5].
Figure 4.2: Hydro power model
Thermal power
Thermal power plants are defined by their installed generation capacity, marginal
costs and availability during the year. Furthermore, power plants used for dis-
trict heating are subjected to a minimum production level, depending on the
corresponding month. The start-up state as well as the start-up costs of thermal
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generators is considered by a linear approximation according to [67].
Wind power
In the EMPS model, WPP is simulated as a fixed energy input based on an
aggregated area production. The time series data with an hourly resolution is
based on the WPP model described in Chapter 3.
Transmission
The inter-area and cross-border transmission corridors are simulated by their
respective NTCs. The energy transmission is simulated as a transport problem.
Therefore, the actual load flow is not considered in the simulation. No explicit
distinction between AC and DC transmission lines is made.
Demand
The electricity consumption in EMPS is divided into firm and flexible demand.
While the firm demand is represented by a weekly or annual load pattern, the
flexible demand is price dependent, reflecting the influence of spot market prices
on the electricity consumption. Furthermore, the temperature dependency of
load is included in the model portraying the influence of electrical heating in
the Nordic area and its influence on the overall demand.
Reserve capacity
Reserve requirements can be included in the EMPS model. The model only
considers upward regulating reserves, which can be provided by hydro power
facilities or thermal power plants.
4.2 Market model
The system balancing analysis in Publication E is based on the joint market
model depicted in Figure 4.3. It simulates an integrated Northern European
regulating power market, which is based on a common day-ahead market, in-
cluding the Nordic and the northern continental European countries (see Figure
4.1). The consecutive modelling steps include the day-ahead market, the reserve
procurement and finally the real-time system balancing.
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Figure 4.3: Model structure and workflow [64]
4.2.1 Day-ahead market
The common day-ahead market is modelled with EMPS [65]. It determines
the socio-economic optimal dispatch of electricity production and transmission
on a weekly basis split into several periods, with a time horizon of several years.
In this stage, Water Values (WVs) for hydro reservoirs are calculated, serving
as production costs.
The simulation of the day-ahead market is based on a two-step approach. In
the strategy phase, an aggregated strategy for the utilization of hydro reservoirs
(calculation of the WVs) is determined, followed by a detailed system simulation
using the results from the strategy phase as an input. The strategy phase is
based on a on a stochastic dynamic programming. The natural variations in
climatic variables such as temperature and inflow scenarios to hydro reservoirs
is stochastic, while the time-dependent coupling of hydro reservoirs is dynamic.
4.2.1.1 Strategy phase
Since water itself has no marginal cost, the price for hydro power production
is defined by the so-called WVs. The WVs largely depends on the inflow to
reservoirs, power production and a possible spillage of water (see Figure 4.2).
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To represent the stochasticity of inflow, the data of more than 75 years is im-
plemented in the model.
Since the availability of water in the future is influenced by the actual hydro
power production, the current production has to be balanced against the pos-
sibility to produce in the future. Therefore, a mid or long term optimization
based on different inflow scenarios is necessary to derive an optimal strategy
taking into account the generation, the reservoir levels and the water release.
The final result of the strategy determination phase is a WV table for each
area, showing the expected marginal value of passing more water to different
weeks for different reservoir levels [65]. To reduce the computational effort, all
hydro power stations are aggregated to one equivalent power station with a joint
reservoir.
4.2.1.2 Detailed simulation
In the second simulation step, the aggregated power production is allocated
to the actual hydro power plants in the simulated area. A detailed reservoir
draw-down model gives the distribution of each subsystem’s aggregated hydro
generation among available plants in each week [27]. Furthermore, varying
efficiency of generators and the coupling of water courses is considered. Using
the incremental WVs calculated in the strategy phase as marginal costs, in
the detailed simulation is carried out to minimize the operational costs of the
hydro-thermal system.
4.2.2 Regulating power market
During the reserve procurement, the Integrated Regulating power market in
Europe (IRiE) model is used to adjust the optimal day-ahead generation dis-
patch in order to fulfil given reserve requirements. In the integrated regulating
power market, regulating reserves can not only be procured in the respective
countries, but also across the borders. In order to procure reserves externally,
the remaining transmission capacity after day-ahead market clearing is utilized.
The procurement is done for each hour in a socio-economic optimal way, based
on marginal production costs of the thermal units and WVs for hydro power
plants, taking into account the start-up state of thermal units.
System balancing, by means of activating the least-cost regulating re-
serves, compensates for system imbalances including the wind forecast error.
The remaining transmission capacity is likewise taken into account. Through-
out the simulation period the system balancing is done for every 15 minutes.
The costs for system balancing are estimates for up- and downward regulation
based on the marginal production costs of thermal and the WV for hydro units
[64].
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4.3 Concluding remarks
The described modelling routine is used to simulate the Nordic and the Northern
European day-ahead and regulating power markets. A case study along with
the evaluated results is shown in Chapter 9.
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Chapter 5
Grid expansion model
URBS-EU
Publication D
The chapter summarizes the modelling methodology of the grid expansion model
′Urban Research Toolbox: Energy Systems (UBRS)′ used in Publication D. The
model methodology URBS-EU applied in Publication D is an extension of the
German system model URSB-D developed by Heitmann and Haase [68, 69].
A complete mathematical description of the European model can be found in
[70, 71].
5.1 Model description
URBS-EU is a power system model using a linear optimization approach to
simulate the total system costs on a European level while minimizing the socio-
economic costs according to Equation 5.1.
COST =
∑
(x,i)
κliCNi(x) + κFi Ci(x) +
∑
t
κV ari E
out
i (x, t) (5.1)
In the modelling process the total system costs are minimized on an hourly
basis while taking into account the annuity of investment costs κli, the fixed
capacity-dependent operation and the maintenance costs κFi as well as the vari-
able costs κV ari for power plant, storage and transmission technologies. The re-
lated costs depend on the respective generator technology including bio-energy,
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coal (hard and lignite), gas (Gas Turbines (GT) and Combined Cycle Gas Tur-
bines (CCGT)), geothermal, oil, nuclear, hydro (run off and storage) [70].
While Ci(x) represents the total generation capacity, CNi(x) includes the
capacity addition per technology i within the respective region x. The regional
power production for each technology and time-step t is described by Eouti (x, t).
The minimization of the total system costs is based on an optimisation of the
hourly power plant dispatch per region and technology. Storage opportunities
and their possible activation as well as the power flow between areas are taken
into account.
The optimization of the system costs is subject to the equilibrium of supply
Eouti (x, t) and demand d in each area, considering the area imports and exports
EinTransmission and the energy dispatch or feed-in to storage facilities EinStorage(see
Equation 5.2).∑
i
Eouti (x, t)− EinTransmission − EinStorage = d(x, t) (5.2)
Within the model, the European power system is divided into 83 regions, 50
of which correspond to the major TSO regions in the ENTSO-E grid while 33
are defined as specific offshore regions (see Fig. 5.1).
Figure 5.1: European model regions with aggregated ENTSO-E transmission
grid
The inter-area power flow is modelled as a linear transport problem based
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on a simplified grid representation of the ENTSO-E system. The capacities of
inter-area transmission lines are aggregated based on the available data in [72].
On demand, the model also computes cost-optimal extensions of power plant,
storage and transmission infrastructure, based on the annuity of investment
costs. This is achieved by using CNi(x) as control variable, in addition to
Eouti (x, t).
5.2 Concluding remarks
The described modelling routine is used to simulate a cost-optimal grid expan-
sion under the influence of large scale wind power production. The modelling
results and the connection to other models developed in the context of this work
is described in Chapter 8.
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Chapter 6
Power System Simulation
Tool PSST
Publication C
This chapter is based on Publication C. The chapter contains a description of
the modelling methodology of the Power Market Simulation Tool PSST. Fur-
thermore, the connection between wind power model (see Chapter 3) and PSST
is explained. The market model simulates the European day-ahead, intra-day
and real-time power markets. The modelling process is divided into three con-
secutive steps. First, the day ahead market is modelled as a common European
market including a simultaneous reserve procurement for northern Europe. Sec-
ond, the intra-day market is simulated for the Nordic area and the northern
European area using the day-ahead market results as basis for the simulations.
The scheduled day-ahead dispatch is successively adjusted based on a continuous
revision of wind power forecasts. Finally, the balancing market is modelled as a
real time power dispatch on the basis of intra-day market results. The Chapter
is structured as follows. Section 6.1 explains the possibilities and advantages
of the flow based model approach. Section 6.2 gives an overview of the basic
simulation structure in PSST. The model for the day-ahead, the intra-day and
the real-time market models, including a complete mathematical description is
given in Section 6.3
The Power System Simulation Tool (PSST) is a flow based market model
developed in the EU TradeWind project [73]. The model aims to facilitate the
dismantling of barriers for the large-scale integration of wind energy in Euro-
pean power systems, on transnational and European levels, and to formulate
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recommendations for policy development, market rules and inter-connector al-
location methods to support wind power integration [73]. The high voltage
network topology, generation and transfer capacities, wind power production
and hydro power characteristics, as well as fuel price scenarios are incorporated
in the model. Based on a DC optimal power flow the model minimizes the total
generation costs on a hourly basis throughout the year [74].
6.1 Flow based approach
The coupling of power markets enables market participants to buy or sell elec-
tricity over national borders with the premise that sufficient cross-border trans-
mission capacity is available. As a consequence of market activity and bilateral
cross-border trading, the allocation of transmission capacity is mainly based on
a commercial exchange, using scheduled exchange programs from one market
to another [75]. By now, the commercial allocation of transmission capacity is
mainly based on explicit or implicit auctions.
In explicit auctions, the transmission capacity on an inter-connector is
auctioned to the market, independently from the electricity markets [76]. The
capacity allocation is solely determined based on the auctioning results, taking
the NTCs of cross-border transmission corridors into account. The time frame
for explicit auctions includes a period of up to several months.
In implicit auctions, the power and the transfer capacity are coordinated
as one single activity. Contrary to the explicit auctioning process, the implicit
allocation of transmission capacities takes place within or after the day-ahead
market closure. The remaining cross border transmission capacity after the ex-
plicit auctioning and the day-ahead market clearing are available. The remain-
ing ATC between bidding areas is made available to the spot price mechanism,
in addition to bids and offers per area. Thus, the resulting prices per area reflect
both the cost of energy in each internal price area and the cost of congestion
[76].
The disadvantage of both auctioning approaches is the disregarding of the
physical flow of electricity in the settlement process. Therefore, the auction
results rather represent a flow of money than the physical flow of electricity
[77]. Especially in a highly meshed transmission system, the electric power does
not follow the cross-border transmission results settled in ATC or NTC auctions,
but flows from source to sink. The flow pattern within the power system is a
result of all the generation sources, consumption at all the sinks and the network
topology, utilizing all available transmission lines in accordance with Kirchhoff’s
and Ohm’s laws.
In the flow-based model, the network topology and the impacts of cross-
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border exchanges are taken into account simultaneously with the power market
clearing. The flow based approach offers the possibility for a better utilization
of transmission capacities while optimizing the social welfare [78]. Furthermore,
transmission congestion and its influence on electricity market prices is iden-
tifiable. Following the recommendations of [75] and [78], a flow based market
coupling approach will be implemented in the CWE area in 2013 [79].
Uhlen et al. [77] present a flow based market model using an optimal power
flow approach to simulate congestion between market areas. The model includes
a flow based market coupling method which can be applied to the European
power system. PSST is based on the same methodology using a DC power flow
(P-δ power flow) based on the following simplifications [77]:
• All line resistances are neglected: zij = jxij
• All voltage angles are assumed to be small: sin(δ) ≈ δ
• All voltages are assumed constant and equal to 1.0 pu
In terms of pricing, PSST basically uses a nodal approach. In consideration
of all transmission and production constraints, the optimal prices for all nodes
are based on the optimal system dispatch. However, PSST calculates the area
prices based on the weighted average of the nodal prices within each area. The
prices are weighted by the respective demand in each node [28].
6.2 Basic simulation structure
The PSST model is based on a perfect market assumption minimizing the total
generation costs in the system for each hour of the simulation period. The basic
PSST simulation structure is displayed in Figure 6.1.
The inputs to the market simulation are split into constant and time de-
pendent parameters. The electrical grid, generator capacities, the respective
marginal generator costs and the reservoir volume of hydro generators define
the constant prevailing conditions for the whole simulation period. WPP and
load time series, water inflow into hydro reservoirs, reservoir levels and the
subsequent water values are updated for each hour throughout the year.
6.2.1 Constant parameters
6.2.1.1 Power flow description and grid model
The grid model used in PSST is a combination of three single grid representa-
tions covering the Nordel, the ENTSO-E and the UK/Ireland areas. The Nordel
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Figure 6.1: PSST simulation structure [80]
area is simulated as a 23 generator model, developed by SINTEF Energy Re-
search [81, 82]. Even though the model is a simplification of the Nordel grid, the
power flow corresponds to a full scale model and reflects the real production and
bottlenecks within the northern European grid. HVDC connections to Denmark
and the ENTSO-E area, e.g., the NorNed cable, are included in the grid model
(see Figure 6.2). The ENTSO-E (former UCTE) region is modelled based on
the approximated UCTE network created by Bialek and Zhou [83, 84]. The grid
model for the UK and Northern Ireland is an approximate model based on data
from National Grid, provided in the "Seven Year Statement" [85].
Furthermore, an intermediate level of detail is introduced by splitting larger
countries into several grid zones representing different market areas (e.g., Nor-
way), TSO areas (e.g., Germany) or areas with important grid constraints and
bottlenecks in between (e.g., Sweden) [80]. The subdivision of the electrical grid
into various grid zones offers the possibility to study the main power flow within
one country, to simulate the area-wise effects of WPP, and to identify internal
bottlenecks in connection with the integration of large scale WPP. Overall, the
PSST grid model contains 2756 nodes, 4925 branches and 56 HVDC lines (see
Figure 6.2).
The cross-border power flow on transmission corridors, connecting the vari-
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ous countries, are defined by the respective NTCs. The NTCs are in accordance
with the ENTSO-E specifications [86]. Even though a flow based approach is
used, the ENTSO-E NTC values are used as constraints limiting the cross-border
transmission between countries and grid areas. Due to a lack of of available in-
formation, most of the inter-area transmission lines are modelled with infinite
capacity. Exceptions are the Norwegian system and a limited number of lines
in Germany.
Figure 6.2: Simplified grid representation (blue: AC connections, red: DC con-
nections)
6.2.1.2 Generator capacities and marginal costs
In total, the PSST model includes 1148 conventional generators,not including
the WPP facilities. The model distinguishes the power plants by the respec-
tive type of fuel- hydro power, nuclear, lignite and hard coal, gas and oil/gas.
Furthermore, renewable sources other than wind and hydro power, e.g., photo-
voltaic and biomass facilities are included in the data set. The actual as well as
the predicted future installed generator capacities have been aggregated based
on the UCTE system adequacy forecast and the data from Europrog [80, 86, 87].
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The accuracy of the hydro power plant data set differs significantly for the
respective areas. While a high resolution data set for hydro power units in the
Nordic area, including the installed capacity, location and reservoir volume is
available, data for the ENTSO-E (UCTE) area is based on the UCTE system
adequacy forecast and the Europrog statistics [87, 88]. Since the data from
[87, 88] does not distinguish between run-off-river, conventional and pumped
hydro power plants, the UCTE hydro data set is largely based on approximations
using the information available in [89, 90].
The respective marginal costs for each fuel type of thermal generators are
derived from [91]. The marginal costs are split in average variable and average
fixed costs, taking the fuel prices, O&M costs, generator efficiencies and taxes, in
terms of greenhouse emissions taxes, into account. Increasing fuel prices for fu-
ture scenarios are considered in the simulations based on the assumptions made
in the TradeWind report [80]. In the model, the marginal costs are simulated
by a piecewise linear cost function.
6.2.1.3 Initial reservoir levels (hydro)
In the Nordic area, the initial reservoir levels at the beginning of the simulation
period are based on the long-term statistics and inflow scenarios specified in
the EMPS model (see Chapter 4). Based on a lack of information, the initial
reservoir level for hydro power facilities in the UCTE area is assumed to be 70%
of the total reservoir capacity [80].
6.2.2 Time dependent parameters
6.2.2.1 Wind series
The detailed description of the wind power model can be found in Chapter 3.
The installed wind power capacity for each country is divided into different re-
gions and areas according to [16]. Within each area, the wind power facilities
are connected to the geographically nearest bus in the grid model (see Figure
6.3). Therefore, the influence of WPP on each and every node can be deter-
mined in the modelling process. Furthermore, the geographical smoothing, the
interaction between WPP and transmission bottlenecks, the influence of WPP
on power market prices and the power production of conventional generators
can be evaluated with high accuracy.
When modelling future wind power scenarios, the installed capacity of on-
shore facilities is scaled up to the assumptions made by the wind energy associa-
tions of the respective model areas. Planned and already commissioned offshore
wind farms are based on the data available in [92].
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Figure 6.3: Aggregated WPP facilities in Denmark
6.2.2.2 Load series
The load profiles used in the simulations are based on the numbers from the
TradeWind project [80] provided by Nordpool, National Grid, Eirgrid and UCTE
[88, 93, 94, 95]. The load patterns for future scenarios are evaluated based on
the 2006 load profiles, assuming a relative increase/decrease of the annual load
demand in the respective area.
6.2.2.3 Inflow and water values
The inflow scenarios in PSST are based on the same long term statistics as in
the EMPS model (See Chapter 4). The inflow pattern for countries outside the
Nordic area has been aggregated based on the hydrological study ‘FRIEND’
(Flow Regimes from International Experimental and Network Data) [96] and
the data in [97]. As with the inflow scenarios, the water values have been
constructed by the EMPS model. The resulting water value matrix used in
PSST is a function of reservoir level and the time of the year (see Figure 6.4).
Since no information about water values outside the Nordic region was avail-
able, the Norwegian values for the first two weeks in January have been used
for all hydro power plants located in the UCTE area, for all weeks throughout
the year. The main reason for choosing the same water value function for all
weeks of the year is that power production in the UCTE area is not dominated
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Figure 6.4: Water value matrix for Western Norway [5]
by hydro power plants with large reservoirs. Therefore, special cases such as
low water values during summer may be invalid. [80].
6.3 Market model
The market model simulates the three distinct electricity markets namely day-
ahead, intra-day and regulating power markets. While the day-ahead market is
solely based on the respective case description including, e.g., generator, grid and
load portfolios, the intra-day and real-time markets take the modelling results
of antecedent simulation step into account. The schematic model procedure is
displayed in Figure (6.5).
6.3.1 Mathematical description of the day-ahead market
model
The day-ahead market is modelled as a common market for the whole European
continent, including a simultaneous reserve procurement for Northern Europe.
The day-ahead optimization is based on a DC optimal power flow aiming to min-
imize the total system costs. The objective function of the day-ahead dispatch
is given by in Equation(6.1).
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Figure 6.5: Schematic market model
FDτ (·) =min
∑
τ∈T
∑
g∈G
(Csth,Dg · Strth,Dg,τ + Cth,Dg · P th,Dg,τ )
+
∑
h∈H
(Chyd,Dh,t · Phyd,Dh,τ ) +
∑
i∈Bus
(Crat · P rat,Di,τ )
]} (6.1)
The piecewise linear incremental cost function considers the start-up costs
Csth,Dg for thermal plants, the associated approximate relative start-up costs
Strth,Dg,τ and the production costs for each thermal plant, taking the particular
marginal costs Cth,Dg and the power production P th,Dg,τ into account. The
costs for hydro power production are considered by the respective water values
Chyd,Dg along with the respective production P
hyd,D
h,τ . In case of load shedding,
the corresponding rationing costs are estimated by the amount of unserved
load P rat,Di,τ and the associated rationing cost Crat. The day-ahead market is
successively simulated in steps of 24 hours throughout the simulation period.
6.3.1.1 Hydro generation
Despite the constant marginal costs of thermal generators, the water values
depend on the reservoir level Rlhyd,Dh,τ and therefore on the amount of water
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that can be utilized for energy production. According to Equations (6.2) and
(6.3) the available hydro power production at time step τ is therefore not only
constrained by the maximum and minimum production capacity (Phydh , P
hyd
h ),
but also by the reservoir level, the inflow Qhyd,Dh,τ , which is evenly divided
among the hours within a week, and the interaction between power production
and reservoir level.
∀h ∈ H, τ ∈ T :
Phydh ≤ Phyd,Dh,τ ≤ min
(
P
hyd
h ,
Rlhyd,Dh,τ
Lτ
)
(6.2)
Rlhyd,Dh,τ = Rl
hyd,D
h,τ−1 +Q
hyd,D
h,τ − Phyd,Dh,τ−1 · LDτ−1 (6.3)
6.3.1.2 Thermal generation
Within the model, thermal generators are divided into base-load (non-regulating)
and regulating power plants (see Table 6.1). Power plants providing base load,
e.g., nuclear or lignite, operate with low marginal costs and zero start-up costs
when operating with at least minimum production larger than zero. On the
other hand, regulating power plants providing the production flexibility and the
ability to provide spinning reserves are re-dispatched in the real-time model to
compensate for imbalances.
Table 6.1: Generator types
Non-regulating generators Regulating generators
Nuclear Gas
Lignite coal Oil
Hard coal Oil & Gas
Wind Hydro
Renewable other than wind Pump storage
Even though the start-stop decision of thermal generators is mainly based
on economical aspects, minimum up- and down times limit the commitment of
thermal power plants. The necessary flexibility for integrating large amounts
of wind power into the system is therefore largely restricted by the technical
constraints of load following and regulating power plants. While the minimum
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down time is modelled as a ‘stiff’ constraint which has to be adhered to, the
minimum up time is represented as a ‘soft’ constraint which can be neglected
in case of a better economical utilization in the system. The respective up- and
downtimes used in the simulation are displayed in Table 6.2.
Table 6.2: Technical constraints of thermal plants
Type Min. uptime [h] Min. downtime [h]
warm cold warm
Hard coal 5 14 6
Oil 4 8 4
Oil-gas 6 8 5
Gas 1 - 1
Therefore, the production of thermal generators is not only limited by the
respective upper and lower production limits (P thg,τ , P thg,τ ) but also by the corre-
sponding technical generator constraints for minimum up- and downtimes ↑T thg
and ↓T thg which are represented by the binary variables upth,Dg,τ and doth,Dg,τ
(see Equation 6.4).
∀g ∈ G, τ ∈ T :
upthg,τ · P thg ≤ P th,Dg,τ ≤ P
th
g · dothg,τ (6.4)
According to Equations (6.5) and (6.6), the binary variable doth,Dg,τ and
therefore the maximum thermal production P thg are set to zero if the minimum
down-time criteria ↓ T thg is not satisfied by the actual down time ↓T th,Dg,τ at τ .
Based on the binary variable upth,Dg,τ , a generator has to produce at least with its
minimum production P thg,τ if the minimum up-time ↑ T thg has not been reached
at τ .
∀g ∈ G, τ ∈ T :
doth,Dg,τ =
{
0, if ↓T th,Dg,τ < ↓T thg
1, if ↓T th,Dg,τ ≥ ↓T thg
(6.5)
upth,Dg,τ =
{
0, if ↑T th,Dg,τ < ↑T thg
1, if ↑T th,Dg,τ ≥ ↑T thg
(6.6)
The generation dispatch of thermal generators for each time step is handed
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over to the consecutive period, connecting and predefining the binary variables
and therefore the portfolio of available production units which can be utilized
in the optimisation.
Equations (6.7) - (6.10) describe a linear approach to simulate start-up costs
of thermal power plants. Each thermal generator is represented by three vari-
ables ranging from 0 to 1.
∀g ∈ G, τ ∈ T :
P th,Dg,τ = X
th,D
1,g,τ · P thg +Xth,D2,g,τ · (P
th
g − P thg ) (6.7)
Xth,D1,g,τ ≥ Xth,D2,g,τ +Xth,D3,g,τ (6.8)
Xth,D2,g,τ +X
th,D
3,g,τ ≤ 1 (6.9)
Xth,D1,g,τ −Xth,D1,g,τ−1 ≤ Strth,Dg,τ (6.10)
In Equation(6.7), the relation between the actual production and the syn-
thetic variables Xth,D1,g,τ , X
th,D
2,g,τ is displayed. While Equation (6.8) assures that
a power plant has to be in operation before it produces power, Equation (6.9)
limits the maximum production. The production in Equation (6.9) consists
of two variables simulating the actual production Xth,D2,g,τ and the spinning re-
serve Xth,D3,g,τ . Equation (6.10) ensures that the approximate relative start-up
cost Strth,Dg,τ is at least equal to the value of the difference between X
th,D
1,g,τ and
Xth,D1,g,τ−1 .
> @1, , 0,1dgx W  > @2, , 0,1d gx W  > @3, , 0,1d gx W 
th
gP
th
gp0
Figure 6.6: Thermal plant representation [98]
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6.3.1.3 Transmission and grid
The underlying electrical grid, the transmission and the energy balance for each
bus and the corresponding constraints are represented by Equations (6.11) -
(6.14).
∀ij ∈ Line, τ ∈ T :
P l,Iij,τ = Bij(δDi,τ − δDj,τ ) (6.11)
∀i ∈ Bus, τ ∈ T :
PL,Di,τ =P
th,D
i,τ + P
hyd,D
i,τ + Pwin,Dw,τ +∑
j∈Bus
(Phvdc,Dij,τ − Phvdc,Dji,τ )−
∑
j∈Bus
P l,Dij,τ + P
rat,D
i,τ
(6.12)
∀ij ∈ Line, τ ∈ T :
−P lij ≤ P l,Dij,τ ≤ P
l
ij (6.13)
∀a′, b′ ∈ BA, τ ∈ T :
−NTCb′a′ ≤
∑
i∈Busa′
∑
j∈Busb′
P l,Dij,τ ≤ NTCa′b′ (6.14)
∀ij ∈ HVDC, τ ∈ T :
−Phvdcij ≤ Phvdc,Dij,τ ≤ P
hvdc
ij (6.15)
The energy exchange between buses i and j is given in Equation in (6.11).
Equation (6.12) assures the energy balance between the load PLi,τ and the
production from thermal, hydro and WPP facilities at each bus. The WPP
data Pwin,Dw,τ is based on wind power forecasts ranging from one hour to 24
hours ahead. Furthermore, the transmission from and to each bus, along with
a possible load rationing, is taken into consideration.
According to the regulations and definitions from the European Transmission
System Operator (ETSO), the synchronous systems are divided into balancing
areas BA and balancing regions BR [99]. Therefore, the maximum and mini-
mum number of AC transmission lines is not only constrained by the respective
maximum and minimum transmission capacities according to Equation (6.13)
but also by the respective net transfer capacities NTCb′a′ described by Equa-
tion (6.14). The HVDC transmission is limited by the transmission capacity
according to Equation (6.15).
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To exchange balancing power between areas or regions, a sufficient amount of
transmission capacity has to be available upon request. In the model, the reserve
procurement is done simultaneously within the day-ahead dispatch, based on
an implicit allocation of transmission capacity.
Equations (6.16) - (6.18) determine the use of intra-area transmission capac-
ity for balancing purposes.
∀a′, b′ ∈ BA, τ ∈ T, h ∈ H, gr ∈ GR
↑impDa′b′,τ ≤ NTCb′a′ +
∑
i∈Busa′
∑
j∈Busb′
P l,Dij,τ (6.16)
↑Rea′ ≤
∑
b′∈BA
↑ impDa′b′,τ +
∑
h∈Busa′
(Phydh − Phyd,Dh,τ )
+
∑
gr∈Busa′
(Xth,D3,gr,τ · (P
th
gr − P thgr))
(6.17)
In Equation (6.16) the implicit reservation for the exchange of upward reg-
ulating energy between areas is defined. Equation (6.17) states that the area
reserve requirements for upward regulation must be fulfilled by regulating en-
tities within an area, and by the available transmission capacity for importing
balancing power from other areas. Correspondingly, the implicit reservation for
the allocation of downward regulating energy exchange and the corresponding
values for downward regulating reserve requirements are defined by Equations
(6.18) and (6.19).
∀a′, b′ ∈ BA, τ ∈ T, h ∈ H, gr ∈ GR
↓ impDa′b′,τ ≤ NTCa′b′ −
∑
i∈Busa′
∑
j∈Busb′
P l,Dij,τ (6.18)
↓Rea′ ≤
∑
b′∈BA
↓ impDa′,b′,τ +
∑
h∈Busa′
max[(Phyd,Dh,τ − Phydh ), 0]+∑
gr∈Busa′
(Xth,D2,gr,τ · (P
th
gr − P thgr)) (6.19)
In the present state of market integration, the exchange of balancing power
is limited by the UCTE regulations. Based on Equations (6.20) and (6.21) the
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up- and downward reserve requirements for each area are defined. In case of
market integration, these can be relaxed.
∀a ∈ BR, τ ∈ T, gr ∈ GR
↑ Rea ≤
∑
h∈Busa
(Phydh − Phyd,Dh,τ )+∑
gr∈Busa
(Xth,D3,gr,τ · (P
th
gr − P thgr))
(6.20)
↓ Rea ≤
∑
h∈Busa
max[(Phyd,Dh,τ − Phydh ), 0]+∑
gr∈Busa
(Xth,D2,gr,τ · (P
th
gr − P thgr))
(6.21)
6.3.2 Intra-day dispatch
The relevance of intra-day markets will increase with the rising share of RES
in the power system. Since the forecast error increases with the lead time (see
Figure 10.1), the market participants and the system operators must be able to
adjust the day-ahead market results and the scheduled system operation based
on revised WPP forecasts (see Figure 6.22).
To reflect the actual situation in Northern Europe, the simulation area of
the intra-day market is reduced to the Central Western European Area (CWE)
and the Nordic area (Nordel).
The intra-day objective function is given in Equation (6.22).
F Iτ (·) =min
∑
τ∈T
∑
g∈G
(Csth,Ig · Strth,Ig,τ + Cth,Ig ·∆P th,Ig,τ )
+
∑
h∈H
(Chyd,Ih,τ ·∆Phyd,Ih,τ ) +
∑
i∈Bus
(Crat · P rat,Ii,τ )
]} (6.22)
Intra-day generation
For the time after day-ahead market closure until one hour before real time, the
intra-day dispatch is simulated on an hourly basis. As mentioned previously, the
day-ahead dispatch is based on WPP forecasts ranging from one hour up to 24
hours ahead. Within the intra-day market, the forecast length and therefore the
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forecast accuracy increases over a decreasing lead time. The forecast deviation
between day-ahead and intra-day forecasts is defined according to Equation
(6.23).
∀i ∈ Bus, τ ∈ T :
∆Pwin,Ii,τ = P
win,I
i,τ − Pwin,Di,τ (6.23)
To ensure equilibrium between load and production at each bus (see Equa-
tion (6.24)), the wind forecast deviation ∆Pwin,Ii,τ has to be compensated by
adjusting the thermal and hydro production by ∆P th,Ig,τ and ∆P
hyd,I
h,τ according
to Equations (6.25) and (6.26).
∀i ∈ Bus, τ ∈ T :
PLi,τ =(P
th,D
i,τ + ∆P
th,I
i,τ ) + (P
hyd,D
i,τ + ∆P
hyd,I
i,τ ) + (P
win,D
i,τ + ∆P
win,I
i,τ )+∑
j∈Bus
(Phvdc,Iij,τ − Phvdc,Iji,τ )−
∑
j∈Bus
P l,Iij,τ + P
rat,I
i,τ
(6.24)
where:
∀i ∈ Bus, τ ∈ T :
∆P th,Ii,τ = P
th,I
i,τ − P th,Di,τ (6.25)
∆Phyd,Ii,τ = P
hyd,I
i,τ − Phyd,Di,τ (6.26)
Corresponding to the day-ahead dispatch, the intra-day adjustment of ther-
mal generators is limited by the respective technical constraints, defining the
minimum up- and downtimes, therefore limiting the production adjustment
∆P th,Ii,τ . Start-up costs are considered in the intra-day dispatch according to
Equations (6.7) - (6.10).
∀g ∈ G, τ ∈ T :
upthg,τ · P thg ≤ ∆P th,Ii,τ ≤ P
th
g · dothg,τ (6.27)
Similar assumptions are made for the generation adjustment of hydro gen-
erators according to Equation (6.28).
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∀h ∈ H, τ ∈ T
0 ≤ ∆Phyd,Ih,τ ≤
(
min
(
P
hyd
h ,
Rlhyd,Ih,τ
Lτ
))
(6.28)
6.3.2.1 Intra-day transmission
The transmission system in the intra-day dispatch is limited by the following
constraints. The power exchange between buses in the intra-day market is
described by Equation (6.29).
∀ij ∈ Line, τ ∈ T :
P l,Iij,τ = Bi,j(δIi,τ − δIj,τ ) (6.29)
The implicit allocation of inter-area transmission capacities takes takes into
account the reserved transmission capacity for the exchange of up- and down-
ward regulating power settled in the day-ahead market. The remaining ATC
available in the intra-day dispatch, is based on Equations (6.30) - (6.32).
∀a′, b′ ∈ BA, τ ∈ T :
ATCb′a′,τ = NTCb′a′ − ↑impDb′a′,τ (6.30)
ATCa′b′,τ = NTCa′b′ − ↓impDa′b′,τ (6.31)
−ATCb′a′,τ ≤
∑
i∈Busa′
∑
j∈Busb′
P l,Iij,τ ≤ ATCa′b′,τ (6.32)
The HVDC intra-day transmission is limited according to Equation (6.33).
Therefore, only the remaining transmission capacity after the day-ahead dis-
patch can be utilized in the intra-day market.
∀ij ∈ HVDC, τ ∈ T :
−Phvdcij − Phvdc,Dij,τ ≤ Phvdc,Iij,τ ≤ P
hvdc
ij − Phvdc,Dij,τ (6.33)
6.3.3 Real-time dispatch
The aim of the real-time dispatch is to compensate for remaining imbalances
from the intra-day market while minimising the respective balancing costs. The
objective of the balancing market is therefore not to do an optimal re-dispatch,
but to relieve remaining imbalances.
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The corrective control objective represented by Equation (6.34) is used to
minimize the deviation costs from the initial operating point [98, 100]. The
balancing costs therefore result from the production change of a regulating gen-
erator ∆Pi and the associated marginal costs Ci.
F (·) =
∑
Ci |∆Pi| (6.34)
|∆Pi| is represented as two hypothetical generators ∆ ↑ Pi and ∆ ↓ Pi,
corresponding to up- and downward regulation with an associated incremental
cost ↑ Ci and ↓ Ci respectively. The cost function of the real-time dispatch is
displayed in Equation (6.35).
FRτ (·) =min
 ∑
gr∈GR
(↑ Cth,Rgr,τ ·∆ ↑ P th,Rgr,τ + ↓ Cth,Rgr,τ ·∆ ↓ P th,Rgr,τ )
+
∑
h∈H
(↑ Chyd,Rh,τ ·∆ ↑ Phyd,Rh,τ + ↓ Chyd,Rh,τ ·∆ ↓ Phyd,Rh,τ )
+
∑
i∈Bus
(Crat · P rat,Ri,τ )
} (6.35)
In addition the constraints displayed in Equations (6.40)-(6.41) have to be
satisfied. While Equation (6.36) displays the real-time power exchange between
bus i and bus j, Equation (6.37) assures the real-time balance between produc-
tion and consumption at each bus, taking imbalances into account.
∀ij ∈ Line, τ ∈ T :
P l,Rij,τ = Bi,j(δRi,τ − δRj,τ ) (6.36)
∀i, j ∈ Bus, τ ∈ T
P˜ devi,τ =(∆ ↑ P th,Ri,τ −∆ ↓ P th,Ri,τ ) + (∆ ↑ Phyd,Rhτ −∆ ↓ Phyd,Rh,τ )
+
∑
j∈Bus
(Phvdc,Rji,τ − Phvdc,Rij,τ )
−
∑
j∈Bus
P l,Rij,τ − PLi,τ + P rat,Ri,τ
(6.37)
The production capacity of regulating generators providing up- and down-
ward regulation are limited according to Equations (6.38) and (6.39), respec-
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tively.
∀gr ∈ GR, τ ∈ T
P th,Dgr,τ ≤ ∆ ↑ P th,Rgr,τ ≤ P
th
gr,τ (6.38)
P thgr,τ ≤ ∆ ↓ P th,Rg,τ ≤ P th,Dgr,τ (6.39)
Hydro generators providing regulating energy are constrained by Equations
(6.40) and (6.41), taking the intra-day reservoir level and the production limits
into account.
∀h ∈ H, τinT
0 ≤ ∆ ↑ Phyd,Rh,τ ≤
(
min
(
P
hyd
h ,
Rlhyd,Ih,τ
Lτ
)
−Rlhyd,Ih,τ
)
(6.40)
0 ≤ ∆ ↓ Phyd,Rh,τ ≤ (Phyd,Ih,τ − Phyd,Ih ) (6.41)
6.4 Concluding remarks
The described modelling routine is used to simulate the European day-ahead
market and the intra-day and the real-time markets in Northern Europe and the
Nordic area. A case study along with the evaluated results is shown in Chapter
10.
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Chapter 7
Wind power production on
a European level
Publications A and F
The chapter summarizes Publications A and F. The chapter examines WPP on
a European level. Based on an extensive data set of European on- and offshore
wind power facilities, the variability and the predictability of wind power pro-
duction on the full European level is modelled. Various scenarios, including the
current state and future scenarios for 2020 and 2030, are applied to illustrate
the hourly and annual production variations and their influence on net load
ramps in the European system. A special focus is set on offshore wind power
production in the North and Baltic Seas. Furthermore, the predictability of wind
power generation on a European level is evaluated. The chapter is divided into
four sections. Section 7.1 and Section 7.2 describe the applied wind speed data
and the wind power installation scenarios. In Section 7.3, the variability of
wind power production on an annual and an hourly basis is displayed. Further-
more, the net load variations for Europe and the neighbouring countries of the
North Sea are evaluated. The section concludes with an illustration of WPP
predictability. This chapter concludes with a discussion in Section 7.5.
7.1 Wind speed data set
To establish a reliable data set covering the fluctuations of European WPP, a
long term recording of wind speed data is desirable. The data set, including the
years from 2006 to 2012, was provided by the German meteorological office [47].
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The actual wind speed data is provided with a time resolution of one hour.
Even though most system simulations focus on short term WPP variations
and the subsequent influences on voltage stability, the procurement of primary
and secondary reserves, cycling losses and annual distinctions have to be con-
sidered for assessing the system adequacy. "System adequacy of a power system
is a measure of the ability of a power system to supply the load in all the steady
states in which the power system may exist considering standards conditions.
System adequacy is analysed through generation adequacy and transmission
adequacy" [86, p.20].
Figure 7.1 displays a map of the annual average wind speeds in Europe from
2006 to 2012. The data set illustrates significant differences between the annual
wind speed recordings. While the wind speed in 2010 was about 10% below
the long term wind speed average in Europe, the 2011 wind speed was about
10% above it. [101]. Consequently these years have been chosen for the further
simulations since they present the limiting values.
The highest average wind speeds in both years can be observed in the Scot-
tish Sea, north-west of Scotland while the highest variations occur in the North
Sea along the Norwegian coast, Ireland and Wales. They can also be observed in
the area between Germany and Denmark. Furthermore, the coastal and onshore
areas in Germany, Denmark and the UK are largely affected by annual varia-
tions. These deviations illustrate the necessity to consider long term recordings
for system simulations, since the regions most affected by annual variations
include the main construction sites for future offshore wind farms.
7.2 Installation scenarios
The installed wind power capacity for each year is based on the ‘high’ scenario
estimated in the TradeWind project [16]. The high scenario was chosen since
it corresponds the most with the annual gain of newly installed wind power
facilities during the past years.
In the TradeWind project, each regional wind power organisation has been
questioned about the assumptions regarding future WPP installations within
their respective countries. Furthermore, larger countries, e.g., Germany and
Spain, have been split up into separate areas. Each area is defined by an in-
dividual installation scenario taking the local potential for a further wind inte-
gration into account. The predicted capacity gain for each country is displayed
in Table 7.1.
The numbers in Table 7.1 show a triplication of the current installed wind
power capacity til 2020 and almost a fivefold increase til 2030. Especially, the
capacity expansion of offshore installations in the North and Baltic sea will
contribute to the overall capacity.
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Figure 7.1: Mean annual wind speed in Europe for 2010 and 2011
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Table 7.1: Wind power installation scenarios [MW]
2010 2020 2030
Country Onshore Offshore Onshore Offshore Onshore Offshore
Austria 1221 - 5160 - 8320 -
Belgium 1022 165 2951 2156 6057 3956
Bulgaria 182 - 1167 - 3471 -
Croatia 53 - 648 - 1642 -
Czech Republic 578 - 2404 - 3419 -
Denmark 3677 612 3815 2811 4653 4611
Finland 351 - 3020 846 6120 3605
France 5528 - 40012 3935 55024 5650
Germany 25277 60 32383 8805 33883 24063
Greece 1482 - 6052 - 9789 -
Hungary 325 - 902 - 1604 -
Ireland 2794 25 5500 2119 6029 3219
Italy 6988 - 18721 - 22635 -
Luxenbourg 65 - 131 - 205 -
Netherlands 2597 228 4259 5298 3922 12794
Norway 725 2 4913 415 4367 3213
Poland 1243 - 7246 0 14502 300
Portugal 3858 - 7913 - 9836 -
Romania 301 - 1907 - 2310 -
Slovakia 25 - 86 - 112 -
Slovenia 130 - 560 - 860 -
Spain 19419 - 39163 - 52973 -
Sweden 1233 110 4731 3079 6268 6865
Switzerland 43 - 304 - 565 -
United Kingdom 9673 1341 31640 16311 33536 36201
Sum 88800 2441 225738 45775 292602 104479
Overall 91 241 271 513 397 081
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The applied offshore data set is based on the assumptions in the ‘Global Off-
shore Wind Farms Database’ provided by 4Coffshore [92]. The data set includes
180 Offshore Wind Farms (OWF) in 2020 and about 320 in 2030. The highest
density of OWF is assumed to be in the border area between Germany and
Denmark, between the UK and the Netherlands, and also within the Doggers
Bank area along the English east coast (see Figure 7.2).
Figure 7.2: Wind farms in the North and Baltic Sea in 2020 and 2030; Colorcode
installed capacity: blue<10MW, green 10MW<80MW, cyan 80MW<200MW,
magenta 200MW<800MW, red>800MW
The European onshore wind power facilities, except for Germany, are based
on the data provided by [54]. The numbers given in the data set largely corre-
spond to the 2010 installation scenario published by the EWEA [102].
For Germany, the ‘Erneuerbare Energien Gesetz (§§45 - §§52)’ stipulates the
German TSOs to publish their RES energy production in line with the wind
power production facilities connected to the grid [56][57]. The open source
data base contains all registered wind power facilities in Germany, including the
installed capacity and the corresponding geographical coordinates.
The overall data set includes more than 24000 wind power facilities (see
Figure 7.3). The annual gain in installed capacity is not considered in the
simulations due to a lack of available data. The base case data set therefore
corresponds to the installed capacity at the end of 2010.
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Figure 7.3: European onshore wind installations
7.3 Simulation results
7.3.1 Annual wind power production
The annual wind speed variations displayed in Figure 7.1 directly affect the
European wind power production, leading to a production offset of 12.7 TWh
between 2010 and 2011 (see Figure 7.4). This corresponds to about 9.04 % of
the annual production. Both wind speed scenarios will be used in the following
scenarios. For each simulation it is clearly stated which wind speed time series
was used as an input.
The duration curves in Figure 7.5 display the annual wind power production
for whole Europe and the offshore areas in the North Sea. To illustrate the
future offshore WPP, the simulated output of OWFs in the North and Baltic
sea are displayed separately.
Besides the large gain in WPP for future scenarios, the duration curves
illustrate the high variability throughout the year. While the average European
production is rather stable and between 17% to 20% of the installed European
capacity for about 6000 h of an year, the tails of the duration curves display
extreme events with almost no production or a very high production.
The key numbers representing the duration curves are depicted in Table 7.2.
While the upper part of Table 7.2 displays the whole European minimum,
mean and maximum WPP, the lower part focuses on offshore facilities in the
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Figure 7.4: Duration curves of annual European wind power production based
on 2010 and 2011 wind speeds
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Figure 7.5: Duration curves of annual European and offshore WPP in 2010,
2020 and 2030
North and Baltic Seas. Besides the actual production numbers in MW, the
respective percentage of the installed capacity is shown. The data is based on
the 2010 and 2011 wind speed data set (2011 data in brackets).
7.3.1.1 Offshore WPP
Although the average wind speed in offshore areas is higher than that of onshore
areas, the annual production variations are tremendous. Considering the two
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future offshore scenarios for 2020 and 2030, the minimum production based on
the 2010 wind speed data is as little as 655 MW and 1 889 MW at an installed
capacity of about 45 GW and 104 GW respectively. This corresponds to 1.4%
in 2020 and 1.5% in 2030. Using the high wind speed data set from 2011 a
slight increase to 1.7% and 1.8% can be noticed for 2020 and 2030, respectively.
The maximum production on the other hand rises up to around 38 GW to
90.6 GW for the 2010 wind speed data and around 39.7 GW to 96 GW for the
2011 wind speed data. This corresponds to around 90% of the overall installed
capacity. The extremely high variations of offshore wind power production is
the direct consequence of installed production capacities clustered in areas with
low geographical separation.
7.3.1.2 European WPP
From the current 2010 installation scenario, the mean annual production in
Europe will rise from approximately 15 GW up to 52 GW in 2020 and 82 GW
in 2030. Especially the offshore facilities, representing around 17% in 2020 and
25% in 2030 of the installed capacity, will contribute to the overall production.
Due to high wind speeds, the mean offshore wind production is between 30%
and 33% of the installed offshore capacity.
Although the actual European wind power facilities are already highly sep-
arated and geographically distributed, the minimum European production in
2010 is only around 1470 MW for the 2010 wind speed data and 2239 MW for
the 2011 wind speed data. This corresponds to 1.6% and 2.4% of the installed
capacity, respectively. These numbers seem surprisingly low, but a comparison
with the German TSO production data from 2010 reveals that the minimum
production was as little as 122 MW at an installed capacity of 25 GW. The Ger-
man system provides far less geographical dispersion than the European system,
nevertheless it can be used as a benchmark illustrating the annual WPP in a
large area.
Even though there will be further geographical spreading and a large share
of offshore facilities built in areas with high average wind speeds, the annual
production variations in future scenarios remain considerably high. The num-
bers in Table 7.2 indicate that the minimum production for the future European
scenarios only corresponds to about 2.2% to 3.0% of the installed capacity, while
the maximum production reaches its limit between 56% and about 60% of the
installed capacity. In fact the WPP in all cases is below 10% of the installed
capacity for about 1000 hours and above 50% for about 600 hours during a year.
The numbers display that WPP will largely contribute to the European
energy production with about 456 TWh in 2020 and 649 TWh in 2030. Never-
theless, WPP on a European level is not able to deliver a substantial amount of
energy at any time throughout a year. In fact, the numbers in Table 7.2 indicate
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that the minimum production is very little. Furthermore, low WPP around 5%
of the installed capacity or even below is not limited to just one hour but stretch
over a certain period of time. An evaluation of the modelling results shows that
for a duration of 48 hours, before and after the minimum WPP, the European
wind power production was below 5% of the installed capacity. Even though
the geographical distribution of wind power facilities will further increase and
offshore sites will be put into operation, there are days without wind, even on
a European level.
7.3.2 Hourly variations
The hour-to-hour variability of wind power production is one of the major topics
in system simulations. Voltage variations, the procurement of primary and
secondary reserves and cycling losses of thermal power plants are largely affected
by the unscheduled production pattern of large scale WPP. Figure 7.6 displays
the hourly variations for whole Europe and for the offshore facilities in the North
and Baltic Seas. The simulations are based on wind speeds from 2010 and 2011.
The hourly variations displayed in Figure 7.6 and Table 7.3 are based on
wind speeds from 2010 and 2011.
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Figure 7.6: Hourly production variations in Europe and for offshore facilities in
the North and Baltic sea
Figure 7.6 illustrates a rapid increase in WPP variability for future scenarios.
While the hourly variations in 2010 are still modest, with a maximum hourly
production change of -6525 MW and 4824 MW on a European level, they will be
doubled in 2020 and more than tripled in 2030. The hourly downward ramping
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of about -13.7 GW in 2020 and -19.6 GW in 2030, as well as the upward varia-
tions of 15 GW and 17.7 GW, are largely influenced by the offshore production
facilities. In fact, according to Table 7.3 up to 40% of the overall fluctuations
in 2020 and up to 60% of the overall fluctuations in 2030 directly result from
offshore facilities. This is remarkable since OWF only represent around 20%
and 25% of the installed capacity in the future scenarios.
Table 7.3: Hourly wind power variations
Europe
2010 2020 2030
[MW] [MW] [MW]
Max. Downward -6525 -14936 -19601
Max. Upward 4824 13755 17741
Offshore facilities in the North & Baltic Sea
Max. Downward -414 -4526 -9628
Max. Upward 355 5954 11122
An inconsistency of up- and downward ramps between the European level
and the offshore facilities is ascertainable. While on a European level the ab-
solute value of hourly changes is larger for downward variations, an opposite
behaviour is detectable for future offshore installations. This results from the
clustering of offshore production sites in relatively small areas.
While the European wind power production is well distributed and therefore
not sensitive to local weather phenomena, the clustering of OWFs results in a re-
duction of the geographical smoothing. Regional and local weather phenomena
have therefore a much higher impact on the future wind power production.
Taking the wind speeds from storm front ‘Carmen’ along with the 2030
offshore installation scenario as an example (see Figure 7.7), the reason for the
inconsistent up- and downward variations becomes more obvious. While the
wind power production in the North and Baltic Seas before the storm front
is on a rather modest level with about 20 GW, which corresponds to about
25% of the installed capacity. At around hour 8380 (see Figure 7.7) the storm
front hits the wind power facilities in the North Sea almost simultaneously. The
resulting change in offshore power generation resulted in an upward ramp of 11
GW per hour. Even though the increase in power production occurred almost
simultaneously, the wind speed abatement after the storm is less distinctive and
delayed for the different production sites in the North Sea.
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Figure 7.7: Simulated 2030 offshore wind power production during storm front
‘Carmen’
7.3.3 Net load variations
The previously described wind power production variations directly affect sys-
tem operation due to resulting net load variations induced in the system. The
net or residual load corresponds to the remaining demand in the power sys-
tem which is not covered by wind power or any other power production from
RES. The net load is therefore a measure of how much production flexibility is
required in the system due to a rising share of wind power.
In a system without the variability of renewable energy sources, changes in
power production are solely based on the diurnal and annual load variations.
While the production scheduling is based on well-developed and proven diur-
nal load pattern, wind power production does not follow a diurnal production
pattern but is more or less randomly distributed and less predictable. In case
of an opposite course of load and wind power production, e.g., during times of
increasing load and a decreasing wind power production, conventional power
plants are forced not only to cover the load gradients but also to replace the
missing wind power production.
For thermal systems that are based on slow responding base load power
plants, e.g., lignite and nuclear, the integration of WPP will require an adoption
of the power plant portfolio. Even today, with a rather modest share of WPP,
some areas e.g. Northern Germany cannot provide the required production
flexibility to compensate wind power fluctuations [103].
The net load and the corresponding ramping gradients largely depend on
the penetration level of wind power in the system. The assumed installation
scenarios for 2020 and 2030 will lead to an annual WPP of about 456 TWh and
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649 TWh on a European level, respectively. This corresponds to a penetration
level of about 13% and 16% of the annual electricity consumption, respectively.
For the countries bordering the North Sea, the penetration level in 2020 and
2030 will be even higher with a share of 20% and 30%, respectively.
The predicted annual load in each country used for the simulations is shown
in Table 7.4. The scenarios have been developed within the TradeWind project
[104] in cooperation with [87]. Since there are specific diurnal and annual pro-
duction changes in each country, the demand for each country is modelled in-
dependently to reflect the differences in the national load patterns.
The maximum hourly load and net load variations for Europe and Northern
Europe are displayed in Figures 7.8 and 7.9, respectively. The figures depict the
maximum hourly ramp rates subdivided into hours and months to display the
diurnal and annual variations.
Figure 7.8: Maximum European Load and Net Load variations based on 2011
wind speed data
The load pattern on the left side clearly illustrates the diurnal and annual
changes in the European consumption. The highest ramp rates throughout the
year occur during the morning hours between 5 am and 8 am. The afternoon
or evening peak is not clearly distributed over the year. During the winter
months, a high demand change is detectable around 5 pm. This mainly results
from electrical heating. For the rest of the year, the afternoon peak is far less
distinctive. The increasing European electricity consumption will result in rising
maximum hourly load variations from 60 GW currently up to 67 GW in 2030.
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Table 7.4: Predicted annual electricity consumption [TWh]
2010 2020 2030
Austria 63 70 83
Belgium 97 109 109
Bosnia 12 15 18
Bulgaria 36 51 62
Croatia 19 23 28
Czech Republic 68 77 83
Denmark 38 41 45
Finland 96 107 117
Germany 572 575 572
Greece 67 84 101
Hungary 45 53 58
Ireland 34 43 43
Italy 366 450 550
Luxenbourg 6 7 618
Macedonia 8 8 8
Netherlands 129 157 191
Norway 133 143 153
Poland 136 160 181
Portugal 59 76 97
Romania 59 78 105
Serbia 48 58 58
Slovakia 31 35 39
Slovenia 16 18 20
Spain 317 390 463
Sweden 150 154 156
Switzerland 65 80 98
United Kingdom 458 512 523
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The net load column on the right side illustrates that the actual influence of
wind power production in 2010 is still rather small. In fact, almost no influence
of wind power production on the hourly ramping can be detected. With the
rising share of wind power in 2020 and 2030, the hourly variations become
more obvious. While in 2020 only minor changes during the morning peak are
noticeable, the change during the day is more obvious. The WPP leads to
higher variations after 12 am and prolongation of the afternoon peak. In 2030,
the influence of WPP is unquestionable. The number and the magnitude of
hourly ramps increase during the morning peak and reach their maximum at
about 70 GW per hour, which is about 3 GW more than in the load scenario.
The boundaries between morning and afternoon are less distinctive and minor
load variations occur during the day. Nevertheless, the influence of WPP on a
European level is rather small. The diurnal and annual load variations remain
the main drivers behind hourly ramping. This is evident since there are no
net load changes detectable during the night time. Even though the number of
hours with higher net load ramping increase, the additional flexibility required
is rather little.
Figure 7.9 illustrates the maximum hourly load and net load variations of the
North Sea neighbouring states including the Scandinavian countries, Germany,
the Netherlands, Belgium, the UK and Ireland.
Figure 7.9: Load and Net Load variations in the North and Baltic Sea based on
2011 wind speed data
Unlike on the European level, a slight increase of net load variations is
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already detectable in 2010 for the afternoon hours after 2 pm. An increase in
variations during the morning hours is not detectable.
For both future scenarios, the difference between load and net load varia-
tions in Northern Europe are much more distinct than on an European level.
Not only the number of maximum ramping gradients will increase during the
morning hours, but also the intra day variations. In 2020 the maximum hourly
variations will increase from about 38 GW to 42 GW, while in 2030 a fur-
ther increase from 38 GW to 45 GW can be detected. For both scenarios,
the boundary between morning and afternoon peaks is almost non existent any
more. Instead, the variations continue throughout the day. Even during night
time, a relatively high number of ramping gradients can be detected. The large
influence of WPP on the Northern European countries is mainly based on the
production variations of offshore facilities situated in the North Sea.
When comparing both scenarios, it appears that even with a high penetra-
tion of WPP, its influence on net load variations in the European system is
rather small. In fact, the European system provides almost enough flexibility
to compensate wind power and the resulting net load variations. Therefore, the
integration of wind power is not limited by a lack of production flexibility in
the European system but by a lack of transmission capacity between different
countries and areas.
7.4 WPP Forecasting
The previous sections illustrated that WPP varies on all time scales and there-
fore effects the system operation and the production scheduling of conventional
power plants. Figures 7.8 and 7.9 display that the magnitude of hourly net load
variations on a European level is only slightly higher than that of the hourly
load variations without RES. The additional demand for flexible generation fa-
cilities therefore results from a lack of forecasting accuracy and the subsequent
unscheduled production changes of WPP. Since base load and mid merit power
plants cannot provide the required production reserves to compensate for fore-
cast deviations, a higher amount of fast acting production sources such as gas
power plants is necessary to assure operational security in the system.
The forecasting of WPP is one of the most important topics for a safe and
cost efficient integration of WPP in the power system, and has therefore been
one of the main research subjects in the past years [105][73].
Figure 7.10 displays the annual normalized root mean square error (normal-
ized by the installed capacity) for the day-ahead production forecasts, based on
the 2010 installation scenario.
The influence of geographical smoothing is clearly ascertainable. While fore-
casts including all European production facilities show a very small production
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Figure 7.10: Normalized root mean square error of WPP forecasts
error, ranging from a NRMSE of 1% for a one hour prediction up to about 1.8%
24 hours ahead, the forecasts for smaller areas such as Germany EON is more
than doubled. This is a consequence of geographical smoothing or netting of
wind power production forecasts, meaning that an underestimated WPP in one
area is compensated by an overestimation in another area.
An important aspect for the estimation of forecast accuracy is the source
of real time production. A comparison between the curves for Germany shows
the difference between taking the real TSO production as a basis and the simu-
lated real time production as a basis for the calculations. While the production
forecasts based on COSMO data provide an accuracy ranging from 1.5% up to
3.8%, the forecast accuracy based on TSO data is about 5% for the one hour
prediction and rises up to around 8% for the day ahead forecast. This difference
has to be considered when discussing the forecast deviations for Europe and
other parts of Europe where no real production data is available.
Figures 7.11 through 7.13 illustrate the hourly forecast deviations for Europe,
Germany and the offshore facilities in the North Sea for the 2010, 2020 and 2030
scenarios, respectively.
Despite the rather low average NRMSE, Figures 7.11 through 7.13 illustrate
that the range of hourly forecast deviations is much higher. The maximum,
minimum and mean forecast error in MW for Germany, the North Sea and
Europe for all scenarios is shown in Table 7.5.
Event though there is a drastic reduction of the forecast error from 24 to
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Figure 7.11: 2010 Forecast deviation for Germany, offshore facilities in the North
sea and whole Europe [GW]
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Figure 7.12: 2020 Forecast deviation for Germany, offshore facilities in the North
sea and whole Europe [GW]
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Figure 7.13: 2030 Forecast deviation for Germany, offshore facilities in the North
sea and whole Europe [GW]
6 hours ahead, the maximum and minimum errors remain considerably high.
Even in the current state, the mean 6 h forecast error in Germany is around
357 MW while the maximum error reaches a value of around 3.8 GW. Til 2030,
these numbers will rise up to 1 GW and 8.8 GW, respectively.
The forecast error for offshore facilities will be even higher. In 2010, the
maximum 6 hour error is still rather small due to small installed capacity, but
will rise up to 5.5 GW in 2020 and to around 13 GW in 2030. The mean forecast
error will increase from 37 MW up to 1640 MW in 2030.
As in the case of the NRMSE in Figure 7.10, the forecast error on a European
level is rather low with a maximum deviation of 20 GW. The netting of forecast
deviations leads to a rather low mean error ranging from 689 MW in 2010 to
about 3145 MW in 2030.
When comparing the 6 hour deviations with the respective 12 and 24 hour
forecasts, the necessity for a continuous rescheduling of conventional power pro-
duction is obvious.
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7.5 Discussion
7.5.1 Model methodology
The simulation results in this chapter are based on a wind speed to power
conversion using the results of a high resolution numerical weather prediction
model along with a highly detailed wind facility data base as an input. The
scenarios of future wind power installation are based on the expert knowledge
of national wind energy associations.
The scaling procedure to match future onshore scenarios is inevitably accom-
panied by scaling errors. Therefore, the effects of geographical smoothing and
netting of wind power production might be reflected inaccurately. Nevertheless,
an estimation of the exact location of future wind turbines is almost impossible.
For the simulation of offshore wind farms, an aggregate power curve is de-
rived based on a multi turbine power curve estimation, using the production
data of an existing wind farm. This approach attempts to incorporate wake
effects and the unavailability of single turbines within a wind farm. A reli-
able simulation of wake effects would require an independent simulation of each
wind farm, taking wind direction and farm layout into account. Since most
future offshore facilities are not even commissioned, a ground-plan is not avail-
able. Furthermore, the simulation of wake effects including all wind farms in the
North and Baltic Seas would exceed the scope of this research. Even though the
data set for offshore wind facilities represents the state of the art knowledge,
uncertainties with respect to installed capacity and geographical coordinates
remain.
In Section 7.4, the importance of the respective data basis used for calcu-
lating the forecast error is illustrated. Since no production data is available
for any other countries than Germany and Denmark, a statement regarding
the predictability of WPP, on a European level or for Northern Europe, is not
possible.
7.5.2 WPP in the power system
The simulation results in Table 7.2 show large WPP variations throughout the
year. The minimum production of only 2.5% illustrates of the installed capacity
that only a very limited amount of conventional generation capacity can be
substituted by WPP. Since periods with very low wind power production can
stretch from hours to several days, a persistent generation capacity providing
backup power is required. Batteries or comparable storage technologies, which
are only capable of supporting the system for a short period of time, are therefore
not suited to provide the required backup capacity needed for the large scale
integration of WPP. Instead, a large number of power plants acting as cold
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reserves will be necessary to provide the required backup capacity.
The net load variations display the need for a sufficient amount of production
flexibility in the power system to compensate for the WPP variations. While the
hourly net load variations in Northern Europe increase significantly by 7 GW/h,
the additional net load ramps of 3 GW/h on a European level are rather small.
Thus, it can be concluded that the European power system provides sufficient
production flexibility to integrate large scale WPP. However, the system suffers
from a lack of transmission capacity. By transmitting WPP from the centres of
production along the North Sea to other European areas, the additional demand
in production flexibility could be drastically reduced. Besides the technical
constraints, the regulatory framework for the exchange of WPP over country
borders has to be established. Especially the construction of an offshore super-
grid in the North Sea will require further steps towards an integrated electricity
market. Furthermore, a supra regional TSO will be necessary to coordinate the
European wide distribution of WPP. The future integration of large scale WPP
is therefore not a topic restricted to some areas but requires a solution on a
European basis.
Even though the accuracy of numerical weather prediction models is ex-
pected to further increase, a certain prediction error will remain. Besides the
possibility of rescheduling the production portfolio based on updated WPP fore-
casts, an increasing amount of reserve capacity will be necessary to compensate
the remaining forecast deviations. The necessary amount of reserve capacities
and the way to define them, based on stiff requirements or WPP forecasts, is
still under discussion [106][107]. Furthermore, the integration of balancing mar-
kets and the possibility to procure balancing power over country boarders will
play a key role for a safe and cost efficient integration in the European system.
7.6 Conclusion
To reach the CO2 emission targets proposed by the European Commission, the
share of renewable energy sources in the European system will further increase.
Wind power production, especially in offshore regions in the North and the
Baltic Seas, is considered as one of the key measures to achieve these goals.
In this chapter, the European wind power production is simulated based on
a high resolution numerical weather prediction model in line with an extensive
data set including on- and offshore wind power facilities. The modelling in-
cludes various scenarios for 2010, 2020 and 2030, simulating the European wind
power production with respect to the annual and hourly variability, the net load
variations in the power system and the predictability of wind power production.
A special focus is on offshore WPP in the North and the Baltic Seas.
Despite the high geographical separation of wind power facilities on a Euro-
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pean level, the modelling results illustrate high annual variations in wind power
production ranging from 1.6% up to 62.2% of the installed capacity. Due to
the clustering of offshore facilities in the North and Baltic Seas the annual pro-
duction in 2020 and 2030 becomes almost intermittent, varying between 0.6%
and 92% of the installed capacity. While the average production in Europe is
rather low with about 19% of the installed capacity, offshore facilities can bene-
fit from higher wind speeds in the North and the Baltic Sea, resulting in a mean
production of about 30% of the installed capacity.
For future scenarios, the hour-to-hour variability of WPP will drastically
increase up to 19 GW/h in Europe and 11 GW/h in the North and the Baltic
Seas. Even though offshore installations only correspond to about 20% to 25%
of the total installed capacity in Europe, they are responsible for 40% to 60%
of the overall fluctuations.
Despite high production variations of WPP, the influences on hourly net load
ramps in Europe are rather little. Only in 2030, the magnitude of hourly net
load ramps will exceed the regular load variations by about 3 GW/h leading to
a maximum ramp rate of 70 GW/h. In the northern European area, including a
large amount of offshore installations along with a high wind power penetration
level, the influence on net load variations is more distinct. In 2030, the maximum
net load ramps will increase by about 7 GW/h.
Wind power forecasting is largely dependent on the size of the simulation
area due to the netting of regional errors. Even though the annual normalized
root mean square error of WPP forecasts is rather small, the hourly values
illustrate high maximum deviations even for short forecast horizons.
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Chapter 8
Grid expansion
Publications C and D
The chapter summarizes Publications C and D. Based on a combination of the
previously described models (WPP, URBS-EU and PSST), the effects of wind
power production and grid expansion on the European power system and the
electricity market prices are evaluated. Using the WPP model, the actual and
the forecasted wind power production is simulated for the years 2010, 2020 and
2030. These scenarios are taken as an input to the regional power system model
URBS-EU, modelling a cost optimal macroscopic grid expansion. Finally, the
European power system is simulated, using the flow based market model PSST.
The influences of the proposed cost optimal grid expansion scenarios on power
production, load flows and day-ahead market prices are evaluated - with and
without grid expansion. Furthermore, the grid investment costs and social eco-
nomic benefit are estimated. The chapter is divided into five sections. While
Section 8.1 includes a introduction, Section 8.2 explains the model parameters
and the simulation procedure. In Section 8.3 the simulation results are shown.
While Section 8.4 includes a discussion of the evaluated results, the chapter is
finalises with a conclusion in Section 8.5
8.1 Introduction
Transmission grid expansion is a crucial topic for the integration of wind power
due to several reasons. First, to remove internal transmission bottlenecks being
able to transmit electricity from coastal or offshore areas to inland urban regions
and industrial consumers. Second, to fully utilize the potential of geographic
smoothing of wind power production by exchanging electricity over country
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and electricity market borders. Third, to reduce the effects of WPP on other
generation sources.
In this chapter, the influence of wind power production on power plant dis-
patch and the European electricity market prices is evaluated, taking a cost-
optimal macroscopic transmission grid expansion into account. Based on this
analysis, the payback period of the grid expansion and its social-economic ben-
efit are quantified.
Power plant operation and electricity market prices with and without trans-
mission grid extensions are simulated for the years 2010, 2020 and 2030. In
previous works, the systematic advantage of grid expansions for the integra-
tion of wind energy has been shown [71, 108, 109]. Neuhoff et al. (2010) and
Schaber et al. (2012) showed the beneficial effects of grid extensions for power
plant owner [70, 71], while Farahmand et al. (2011) quantified the total ben-
efit of an offshore grid in the North Sea [110]. In this study, the value of a
cost-optimal macroscopic grid is quantified from both, consumer side and the
total production cost side, filling the gap between the existing studies mentioned
above.
8.2 Model Parameters
The inputs to the grid expansion model URBS-EU and the power system sim-
ulation tool PSST have been matched. Therefore, the simulations are based on
the same input data sets including WPP time series, generator portfolio and
transmission constraints.
8.2.1 Modelling input
8.2.1.1 Wind power installations
The assumed onshore wind power capacities in the 2020 and 2030 scenarios are
based on the expert knowledge of the particular regional wind energy associa-
tions pooled within the TradeWind EU project [16]. The implemented scenarios
are in accordance with the high scenario in the TradeWind report, predicting
a tripling of the currently installed WPP capacity in 2020 and a quadrupling
in 2030. The selected scenario closely corresponds to the WPP development in
the past years. For future scenarios, the 2010 data set is extended by commis-
sioned and projected offshore wind facilities. Future offshore installations are
based on the data from [92]. Onshore facilities have been scaled up to match
the supposed installed capacity in 2020 and 2030. The assumed installed WPP
generation capacity for Europe is displayed in Table 8.1.
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Table 8.1: Installed Wind Power Generation Capacity in Europe [MW]
Year 2010 2020 2030
Total installed capacity [MW] 89 069 274 942 386 624
8.2.1.2 Generator portfolio
In the simulations, the change in the production portfolio from a mainly thermal
dominated system to a system widely affected by RES is considered within the
respective generation scenarios (see Figure 8.1). Changes in the thermal and
the hydro power production portfolios, e.g., the dicomissioning of nuclear power
plants in Germany and a higher share of gas turbines, as well as a growing
share of renewable technologies other than wind, are taken into account in the
simulations. Furthermore, the marginal costs are adapted to account for the
increasing fuel prices in future scenarios. Production portfolios as well as fuel
price assumptions are based on the numbers from the TradeWind project [80].
Figure 8.1: European generation capacity scenarios
8.2.1.3 Grid scenarios
The grid model used in PSST is a combination of three single grid representa-
tions covering the Nordic, Continental and the UK/Ireland areas. The Nordic
area is simulated as a 23 generator model developed by SINTEF Energy Re-
search [104]. The Continental area is modelled based on the approximated
UCTE network [72], including 1410 nodes, 2212 branches, 56 HVDC lines and
1540 Generators [111]. The UK and Ireland grid model consists of about 350
generators and more than 2000 transmission lines, based on the "National Elec-
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tricity Transmission System Seven year statement" [112]. HVDC connections
from Scandinavia to Denmark and the Continental area, e.g., the NorNed cable
are included in the grid model.
As described in Chapter 5, the load flow in the URBS-EU is simulated as
a linear transport problem. The underlying transfer capacities between the
different areas are aggregated, based on the data available in [72]. In both
simulation tools, the PSST and the URBS-EU models, the future base case
scenarios for 2020 and 2030, without cost optimal grid expansion, have been
extended by the commissioned HVDC connections, e.g., the HVDC link between
Norway and the UK (see Figure 8.4). Furthermore, the offshore super grid
layout as recommended by the EWEA (see Figure 8.2b) is included in the 2030
scenario, based on the data available in [113].
(a) 2020 (b) 2030
Figure 8.2: Offshore grid configuration in 2020 (a) and 2030 (b) recommended
by the EWEA [114]
While cross-border transmission capacities are defined by NTCs, the aggre-
gated inter-area connections are defined by the corresponding thermal transmis-
sion line capacities. The existing grid infrastructure is obtained from publicly
available data on the European high voltage (220 kV and 380 kV) electricity
grid [72, 115].
8.2.2 Model coupling
The modelling process is split into three consecutive steps. In the first step,
WPP model is used to simulate the actual and expected European wind power
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production [116]. The aggregated production for each area is used as input to
the linear optimization model URBS-EU [70]. Using the WPP time series, and
the generation and transmission portfolio as input, the URBS-EU model mini-
mizes the total system costs and determines and economic optimal transmission
grid expansion.
Finally, the flow based market model PSST simulates the electricity prices
assuming a perfect market with grid representation, aggregated capacities and
marginal costs for each generator within specified grid zones [104, 111]. Based
on a DC optimal power flow, the model minimizes the total generation costs on
an hourly basis throughout the year. Technical constraints of thermal generators
as well as changing generator portfolios for future scenarios are considered in
the simulations.
Figure 8.3: Schematic description of model coupling
A detailed description of the applied models can be found in Chapter 3,
Chapter 5 and Chapter 6.
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8.3 RESULTS
8.3.1 Cost-optimal grid extension scenarios
The cost-optimal macroscopic grid expansion results for 2020 and 2030 are
shown in Figure 8.4 and Figure 8.5, respectively.
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Figure 8.4: Cost optimal grid extension 2020
Figure 8.4 shows that in 2020 the main transmission corridors linking Con-
tinental Europe with the UK and the Nordic area require a substantial trans-
mission capacity expansion. Especially the connections between Germany and
East Denmark (KONTEK), France and the UK, as well as the HVDC link con-
necting the UK and Norway require reinforcements of the transmission capacity.
Besides, Italy having rather weak interconnections with its neighbouring coun-
tries requires massive reinforcements of the connections to France and Slovenia.
This also applies for the well-known bottleneck between France and the Spanish
peninsula. Furthermore, the inter-area lines connecting the Swedish areas are
subjected to extensive capacity expansions.
The URSB-EU 2030 grid expansion results are displayed in Figure 8.5. As
in the 2020 case, the connections between the Continental Europe, the UK and
the Nordic area require an enhancement of transmission capacity in addition to
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Figure 8.5: Cost optimal grid extension 2030
the proposed North Sea offshore super grid. This allows a cost optimal exchange
of wind power production between the countries bordering the North Sea. To
utilize the advantages of a hydro based power system, a strong grid, which con-
nects the hydro power plants in Northern Sweden and Norway with the centres of
wind power production in the North and the Baltic Seas, is needed. Therefore,
the Swedish north-south connections require substantial grid reinforcements.
Germany, France and the BeNeLux countries act as transit countries, requiring
substantial amount of transmission capacities, in order to be able to transmit
the northern European wind power production further south and to link the
Continental Europe with the Nordic area. Therefore, France and Germany
have to strengthen not only the cross-border transmission capacities to their
neighbouring countries, but also their internal grid, to be able to fully utilize
the WPP installed in the coastal and the offshore areas. In Southern Europe,
a vast amount of transmission capacity is required linking France, Switzerland
and Italy with the Balkans.
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8.3.2 Load flow
The day-ahead market model simulates a flow based common integrated mar-
ket. Therefore, market participants are able to procure energy from the least
cost production units over country borders. The exchange between areas or
countries therefore largely depends on the physical system constraints and the
marginal costs of generators. Figure 8.6 displays the energy exchange on the
main transmission corridors connecting the Continental Europe with the Nordic
area and the UK.
0  20 40 60 80 100
−600
0   
600 
DE − DKE No Grid
a)
0  20 40 60 80 100
−15000
−7500 
0     
7500  
15000 
DE − DKE With Grid
0  20 40 60 80 100
−2000
0    
2000 
FR − GB No Grid
Tr
an
sm
is
si
on
 [M
W
]
b)
0  20 40 60 80 100
−15000
−7500 
0     
7500  
15000 
FR − GB With Grid
0  20 40 60 80 100
−2000
0    
2000 
Percent of Time
NO − GB No Grid
c)
0  20 40 60 80 100
−6000
0    
6000 
Percent of Time
NO − GB With Grid
Figure 8.6: Load flow results at the most exploited corridors with and without
grid extension. For each connection A-B, positive values mean flow from A to
B (A→B) while negative values represent the flow from B to A (A←B) (Green
line: 2010; Blue line: 2020; Red line: 2030)
It is seen from Figure 8.6 a) that the load flow between Denmark and Ger-
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many is largely constrained by the available transmission capacity. The pro-
posed capacity expansion leads to a vast increase in energy exchange between
the Continental Europe and the Nordic area. For the 2010 base case and the
2020 scenario, Germany acts as an exporter for up to 95% of the time, while be-
coming a net importer in 2030. The change in direction is largely dependent on
modifications in the production portfolio, largely influenced by the decommis-
sioning of nuclear power plants in Germany. Due to the substantial enhancement
of transmission capacities between the Scandinavian countries Denmark, Nor-
way and Sweden, along with the extended inter-area transfer corridors, there is
a possibility to export electricity based on hydro power production to the Con-
tinental Europe. Thus, Denmark will act as a transit country between Germany
and the Nordic area.
Figure 8.6 b) illustrates the exchange between France and the UK. Even
though the main share of future offshore wind power installations will be con-
nected to the UK, it will remain an energy importer. Without grid expansion,
the cross-channel connection is congested for around 98% of the time. Even
with a capacity expansion, the inter-connector is fully utilized for up to 50% of
the time, transmitting energy from France to the UK. Only during peak WPP,
the British system will act as an exporter.
The same transmission pattern can be noticed for the connection between
Norway and the UK, illustrated in Figure 8.6 c). The Norwegian hydro power
will largely support the electrical system in the UK during at least 80% of the
time. As in the case of the connection with the Continental Europe, exports
to Norway mainly occur during times with high wind power production in the
North Sea, which cannot be solely absorbed by the British system.
8.3.3 WPP curtailment
The cumulative installed wind power capacity in Europe will rise up to 274 GW
in 2020 and 386 GW in 2030 (see Table 8.2). This corresponds to a respective
share of 30% and 42% of the overall installed generation capacity, assuming that
904 GW in 2020 and 931 GW in 2030 of thermal generation is in operation (see
Figure 8.1).
Depending on the power system parameters, i.e. production flexibility of
generators and availability of transmission capacities, a high penetration level
of WPP might lead to a substantial curtailment of wind energy. The results in
[108, 117] display that at a WPP level of about 20% of the gross demand, the
amount of discarded energy may rise up to 10% of the total production. When
comparing the potential WPP with the actual production, these numbers can
be confirmed (see Table 8.2).
In the 2010 base case scenario, the discarded European WPP sums up to
about 32.7 TWh on a European level, which corresponds to about 15% of the
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potential European WPP (see Table 8.2). This is even higher than in the 2020
case without grid expansion, where the curtailment of energy is reduced to about
15.7 TWh or 3.1%. The increasing ability to absorb WPP in the system results
from the assumed grid reinforcements and the change in the generator portfolio.
Based on the proposed grid expansion, the loss of WPP can be further reduced
to about 4.2%.
In the 2030 No Grid scenario the loss of WPP production will increase
up to 75.3 TWh. This corresponds to about 6.5% of the overall production.
Especially, offshore facilities that are not directly connected to shore but to the
proposed HVDC super grid, are forced to reduce their production during times
with peak production since the proposed super-grid transmission capacity is not
sufficient to fully transmit the energy to shore . Figure 8.7 shows the potential
2030 offshore WPP in the North sea along with the actual production for the
cases with and without grid expansion.
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Figure 8.7: Potential and actual offshore WPP in the North Sea - 2030 with
and without grid extension
Even though the proposed cost optimal grid expansion cannot fully avoid
the curtailment of WPP, the amount of discarded energy can be reduced by
about 50%-75%.
8.3.4 Influence of WPP and grid expansion on conven-
tional generation
The high share of wind power production in the electrical system will largely
affect the production pattern of thermal generators. As wind power production
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Table 8.2: Potential and actual European wind power production [TWh]
No Grid With Grid
Potential Actual Lost [%] Actual Lost [%]
2010 213.1 180.4 32.7 15.3 - -
2020 498.3 482.6 15.7 3.1 494.5 4.2 0.8
2030 1 148.4 1 073.1 75.3 6.6 1 118.3 30.1 2.6
with its low marginal cost replaces conventional production, the full load hours
of thermal generators will be drastically reduced.
In Figure 8.8, the PSST results for the northern German electricity produc-
tion are displayed for the 2030 scenario with and without grid expansion.
Figure 8.8 a) displays the 2010 Base Case scenario, which is the actual
system. Even though the wind power penetration level is still rather modest,
the system can neither provide the required production flexibility nor the trans-
mission capacities to fully integrate the local WPP. This leads to a substantial
amount of discarded WPP in this area. The electricity prices on the right side of
Figure 8.8 a) illustrate that the influence of WPP is still rather modest. Instead,
the diurnal load pattern is strongly reflected in the day-ahead market prices.
Figure 8.8 b) and Figure 8.8 c) illustrate the 2020 scenarios without and with
grid expansion, respectively. Even though the increasing share of wind power
production leads to a high production volatility, almost no WPP curtailment
can be detected. This reflects the increased production flexibility, especially due
to the rising production capacity of fast acting gas turbines, and the increased
transmission capacities to neighbouring areas. The production volatility is also
reflected in the day-ahead market prices, where the low marginal costs of WPP
largely influence the price setting. Even though the WPP reduces the average
price level, price spikes occur during times with low WPP and high demand,
since the missing wind has to be substituted by expensive gas turbines. Figure
8.8 c) illustrates the power production with the proposed grid expansion. The
production volatility of conventional power plants is largely reduced. The pro-
duction pattern of base load power plants, e.g., lignite is not affected by WPP
fluctuations. Instead, WPP fluctuations can solely be balanced by gas turbines
and the import and export possibilities to neighbouring areas. The decreased
production volatility is reflected in the area prices. The influence of WPP on
electricity prices is largely reduced.
In Figure 8.8 d) and Figure 8.8 e), the 2030 scenarios without and with grid
1’Renew’ in Figure 8.8 includes all other renewable energy sources not specified by hydro
and wind e.g. PV, biomass
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expansion, respectively, are shown. Like in the 2020 case without grid expansion
the production pattern of thermal plants in Figure 8.8 d) reflects the WPP
variability in this area. During times with high WPP, the market prices are
reduced to zero. Even though the electricity demand in these hours can solely
be covered by WPP or even has to be curtailed, a certain share of conventional
power plants is still in operation. This results from district heating obligations
assumed within the model. Figure 8.8 e) displays that the production as well
as the price volatility is largely reduced. The increased transmission capacity
allows taking advantage of the smoothing effects resulting from distributed wind
power generation. While excessive electricity from wind power can be exported
to areas with low wind power production or high electricity prices, it can be
imported during periods with low WPP production.
8.3.5 European electricity prices
The European electricity prices are largely affected by wind power production,
transmission capacity expansion and changing production portfolios. Figure 8.9
illustrates the area prices for the 2010 base case along with the 2020 and 2030
scenarios with and without grid expansion. In Figure 8.9 the cases without grid
expansion are labelled with No Grid while the cases with grid expansion are
labelled with With Grid
The price variance among the areas displays the lack of transmission capacity
for the exchange of energy. Especially the BeNeLux countries, the islanded UK
system and the southern German areas have to cope with unnecessarily high
prices. The expansion of transmission capacities results in decreasing system
costs and a declining variance of area prices (see Table 8.3).
Table 8.3: Mean European electricity price and price variance with and without
grid expansion
2010 2020 2030
Base Case No Grid With Grid No Grid With Grid
Mean price
36.8 39.6 37.8 33.5 32.2
[MW]
Price variance 214.1 233.9 144.9 204.7 99.0
Although there is a rising share of renewable energy sources in Europe, only
areas directly connected to or containing a large number of wind power facilities
can benefit from the low marginal prices of renewable energy sources. Taking
Germany as an example, a very distinctive area price splitting for the cases
without grid expansion is noticeable. While the average electricity price in the
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Figure 8.9: Average annual electricity prices [e/MWh]
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north-eastern part is around 40 e/MWh in the 2020 No Grid scenario, the
price in the highly industrialized areas in the south reach an average level of up
to 61 e/MWh. Due to increased wind power installations and energy imports
from Denmark (see Figure 8.6 a)), a further price reduction in the north-eastern
German region down to 34 e/MWh can be identified, while having a price
increase to 64 e/MWh in the Southern Germany in 2030.
The proposed grid expansion leads to a harmonization of area prices. In
2020, the area prices in Northern Germany increase up to 43 e/MWh, while
a significant decrease of 14% down to 48 e/MWh takes place in the Southern
part. The extensive grid expansions in line with new wind power installations
and imports from Denmark result in an overall price reduction in Germany of 4%
and 35%, respectively. In Europe, the grid expansion leads to a minor reduction
of the overall price level while reducing the price variance significantly. While
some areas such as southern Germany or Italy largely benefit from a better
interconnection with their neighbouring areas, Austria, Switzerland or North-
east Germany will be confronted with rising costs.
8.3.6 Investment costs
The enhancement of existing transmission lines and the installation of new lines
is a time consuming and cost intensive task. Especially, the laying of offshore ca-
bles requires substantial monetary expenditures. The cost calculation including
total expenses and annual benefits, for both transmission expansion scenarios,
is displayed in Table 8.4. The calculation assumes investment costs of 400
e/MWkm for HV lines and 2500 e/MWkm for HV cables respectively. For the
computation of the annuity of investment, a weighted average cost of capital
(WACC) of 7% is assumed, with the depreciation period being 40 years.
Table 8.4: Costs and Benefits [bne]
2020 2030
Costs of grid extension
Grid investment costs 34.1 37.1
Additional annual fix costs for new grid 0.37 0.46
Macro-economic benefits
Annual savings due to lower electricity production costs 15.9 19.2
Payback time of grid investment 2 6.3 years 5.17 years
Social economic benefits
Annual savings due to lower prices on the consumer side 15.8 23.7
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The results illustrate that substantial costs reductions of 16 bne p.a. and 19
bne p.a. can be achieved in 2020 and 2030, respectively, by the implementation
of the proposed cost optimal grid extension. Comparing this annual benefit to
the total investment costs for grid extension, a comparatively short payback
period of around 6 years results for both scenarios. The additional costs to
realize forty-year investment with 7% WACC, i.e. the cost of capital, are taken
into account here.
As discussed above, the grid expansions lead to a lower average price level.
This entails important social-economic benefits for the electricity consumers to
the time of 15.8 bne and 23.7 bne for the 2020 and 2030 scenarios, respectively,
with grid expansion.
8.4 Discussion
For the analysis in this chapter three high resolution models were combined in
order to simulate cost the optimal grid expansion scenarios and to identify their
influence on load flows, wholesale market prices, the resulting socio economic
costs of electricity and the overall production costs.
The system parameters, e.g., the marginal costs of production, the power
plant portfolio, the WPP time series and the system load are adjusted to the
2020 and 2030 scenarios. It is attempted to include the supposed system expan-
sion scenarios for the base cases as realistically as possible. The assumed wind
power production is modelled with high accuracy and corresponds to the latest
available scenarios. The input data was harmonized for all the three models.
While PSST is a flow based market model, the electricity transmission in
URBS-EU is modelled as a transport problem, neglecting the effects of load
flows in the system. The combination of two different model approaches in-
cludes the risk of inconsistencies. The proposed transmission capacity between
Germany and Denmark as an example (see Figure 8.6 a)), is never fully utilized
in the flow based market model. Therefore, the proposed transmission capacity
expansion of URBS-EU is beyond the actual needs of the flow based approach.
However, analysing the cross-border energy exchange is a good indicator for
the transmission capacities needed in a system containing a high share of wind
power.
Furthermore, the influence of selected input parameters becomes obvious
when comparing the simulated grid expansion scenarios with the results from a
previous work [5]. While in this previous work, the main grid extension in 2020
was proposed for the connection between France and the Spanish peninsula,
2For the computation of the payback time, the WACC is taken into account leading to a
triplication of necessary initial capital
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the focus in the actual scenarios is on the corridors between continental Europe
with Scandinavia and the UK.
8.5 Conclusion
The integration of renewable energy into the power system will be a challenge
for power producers and electricity markets. The analysis done in this paper is
based on three highly sophisticated models simulating wind power production,
grid extension scenarios and their influence on day-ahead market prices. The
modelling includes various scenarios for 2010, 2020 and 2030, and the effect of
transmission grid expansion in the context of a rising share of wind power in
Europe is simulated.
The results show that the variability of wind power largely affects the produc-
tion pattern of conventional thermal power plants. Furthermore, the increasing
share of WPP has significant impacts on electricity markets and their partic-
ipants. Transmission grid extension can help in stabilising base load power
production and market prices by exchanging excessive energy across area and
country borders by utilizing the effects of geographical smoothing. Therefore,
grid extension in line with a high level of market integration, providing the reg-
ulatory framework to procure energy throughout the system, will reduce the
need for new power plant installations backing up wind power production.
Using the possibility to exchange energy between countries, the curtailment
of wind power production can be reduced. Even though the investment costs
for the installation of new transmission lines and cables are substantial, the
investments will be compensated by cost reductions in the power system.
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Chapter 9
Integration of regulating
power markets
Publications B and E
The chapter summarizes Publications B and E. Based on the previously described
wind power model, the actual and the forecasted wind power production is sim-
ulated for the years 2010 and 2020. These scenarios are taken as an input to
a northern European regulating power market model, analysing the procurement
of reserve capacity and their activation. Further on, the potential benefit of inte-
grating northern European regulating power markets, handling the varying wind
power production, is investigated. Due to remaining wind forecast errors, more
reserve capacity is required in the power system. The simulations of the regu-
lating power market focus on WPP forecasts with a three hour forecast horizon,
assuming that WPP forecast deviations would have been handled in the intra-
day market. The simulations include Frequency Restoration Reserves (FRR)
and Replacement Reserves (RR). It is shown, that the Nordic countries can be a
provider of such reserves, assumed there is an integrated regulating power mar-
ket. Furthermore an overall cost increase is recognized, displaying significant
saving possibilities by cross- border procurement of reserves and the exchange
of regulating energy. The chapter is divided into seven sections. Section 9.1
includes a introduction to the model and the evaluated cases. While Section 9.2
explains the model parameters for WPP, Section 9.3 explains the assumptions
made in the power market simulations. In Section 9.4 the evaluated cases are
described. Section 9.5 contains the evaluated results. While Section 9.6 includes
a discussion, the chapter ends with a conclusion in Section 9.7.
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9.1 Introduction
Integrating large scale wind power production in the power system is a major
challenge due to its variations and prediction errors. The already existing load
uncertainties and unplanned outages in combination with the intermittent WPP
require not only more regulating resources but also a higher flexibility in order
to keep production and consumption in balance at any instance. The differ-
ences between the annual load and the net load (load minus WPP) duration
curves, depicted in Figure 9.1, illustrate the additional demand for flexibility
due to hourly production changes under the influence of WPP [106]. In lib-
eralised power markets, the scheduled load and production together with the
forecasted WPP are handled by market participants within the day-ahead and
intra-day markets. However, remaining WPP forecast errors with their result-
ing production deviations, outages of regular power plants as well as short term
load variations have to be compensated by the activation of regulating reserves
available in the power system.
0 2000 4000 6000 8000
-20
-10
0
10
20
Time [Hours]
H
ou
rly
 V
ar
ia
tio
ns
 [G
W
]
 
 
0 2000 4000 6000 8000
Time [Hours]
 
 
Load 2010
Load 2020
Net Load 2010
Net Load 2020
Figure 9.1: Duration curves of annual load and net load variability
The procurement and the possible real-time activation of these regulating
reserves is done within regulating power markets. In order to study the effects
of WPP on regulating reserve procurement and system balancing, the Northern
European area is simulated and the corresponding costs are estimated. Simula-
tions are done for national regulating power markets as well as for an integrated
northern European market, estimating possible benefits of exchanging regulat-
ing reserves as well as energy.
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9.2 Wind Power Production
9.2.1 WPP Simulation
The assumed wind power capacity for the simulations is displayed in Table
9.1. The modelling routine of the WPP model was described in Chapter 3.
The assumed 2020 wind power capacity is based on the expert knowledge of
the associated regional wind energy associations polled within the TradeWind
EU project [16]. Theemployed 2020 scenario is in accordance with the 2020
high scenario in the TradeWind report, containing nearly a triplication of the
currently installed WPP capacity.
Table 9.1: Installed WPP capacity [MW] 2010 & 2020
Areas 2010 2020
Norway 545 6600
Sweden 1250 10 000
Finland 350 3000
Denmark 3700 6000
Germany 24 900 57 300
Netherlands 1000 2950
Belgium 2800 10 400
Sum 34245 96 250
9.2.2 Forecast Error
In a system with a high penetration of WPP, production forecasts are necessary
to schedule the production of conventional production units in order to assure
a stable operation at all times.
Table 9.2 displays the MAE and NMAE for the 2010 and 2020 scenarios
including different forecast horizons. Due to the highly sophisticated NWP
models, the system-wide 24 hour NMAE only amounts up to about 3.7% for
the 2020 scenario. Correspondingly, a further increase in accuracy is noticeable
for the 3 hour forecast, reducing the NMAE to about 0.7%. Even though the
values for MAE and NMAE provide a rather optimistic view on the wind forecast
error and the required regulating resources in the system, Figure 9.2 displays
that there are considerably high wind forecast errors, which especially occur
before and after storm fronts.
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Table 9.2: Forecast error
2010 2020
MAE 3 h [MW] 218 883
NMAE 3 h [%] 0.6 0.9
MAE 24 h [MW] 915 3596
NMAE 24 h [%] 2.6 3.7
Figure 9.2 displays the hourly forecast errors for 3 and 24 hours ahead,
indicating the improved forecast over a descending time period and thus the
significantly reduced need for balancing WPP. The largest deviations in the 2020
high wind scenario reach an absolute value of about 40 GW. This illustrates the
challenges the system is confronted with upon the addition of large amounts of
intermittent wind power. Even though, the 3 hour forecast MAE is relatively
small, the hour to hour variations may rise up to 10 GW (see Figure 9.2 and
Figure 9.3).
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Figure 9.2: Forecast error of WPP in GW - 3 and 24 hours ahead
Figure 9.3 shows the WPP 3 and 24 hour forecast error duration curves for
the 2010 and 2020 scenarios. It shows the overall increase of the forecast error
as well as a significant increase in the maximum forecast error, as seen at both
ends of the curves.
Based on WPP forecasts, producers are able to identify their approximate
wind power production and reschedule the preliminary production portfolio con-
sidering the technical constraints of thermal power plants. Nevertheless, this
requires a functioning intra-day market which gives power producers the possi-
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Figure 9.3: WPP forecast error duration curve for the simulated area
bility to balance their production portfolio based on updated WPP forecasts.
The simulations using the 24 hour WPP forecasts therefore represent a sce-
nario without an intra-day market, while in the simulations using the three
hour forecasts it is assumed that wind power producers are able to balance
their production portfolio either by re-dispatch or in the intra-day market up to
3 hours before real-time. This reduction of the forecast horizon assumes higher
flexibility of the system and will lead to more trading in the intra-day market.
9.3 Market Model
The applied EMPS market model has beend described in Chapter 4.
9.3.1 Market data
For the 2020 scenarios, all the system parameters such as the power plant port-
folio, the inter-area transmission capacity and the WPP are updated to incor-
porate the supposed system expansion in the upcoming years.
Due to reinforcements and the commissioning of new connections between
the Nordic area and Continental Europe, particularly the extension of the Sk-
agerrak cable, the Nordlink and as well as the NorNed connection, the estimated
transmission capacity will be expanded from the existing 3700 MW up to 6800
MW [118].
Furthermore, the expected increase in hydro production capacity, especially
in southern Norway, provides additional balancing resources. The increase of
production capacity is done for single power plants and sums up to about 6 GW
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in total.
Due to the variability of WPP, it is necessary to adapt the reserve require-
ments to the increased WPP system penetration to be able to provide suffi-
cient balancing power. The adjustment of the reserve requirements done in this
chapter is based on the 3 sigma approach as discussed in [106] and [119]. The
estimation of the reserve requirements is based on the 3 hour WPP forecast
error.
Table 9.3: Reserve Requirements [MW] 2010 & 2020
2010 2020
Areas pos. neg. pos. neg.
Norway 1200 1200 1485 1485
Sweden 1220 1220 1950 1950
Denmark 1200 1200 1510 1510
Germany 3010 2045 6720 5755
Netherlands 300 300 1330 1330
Belgium 150 150 465 465
Sum 7080 6115 13460 12495
For the 2010 scenario, the reserve requirements for the countries modelled
are based on the current requirements set [64]. These are adjusted based on
the previously mentioned 3 sigma approach for the 2020 scenario. The overall
reserve requirements used in the analysis are shown in Table 9.3. The total
requirements are nearly doubled in 2020. The main increase takes place in
Germany and the Netherlands, which is primarily due to high increase in offshore
WPP.
9.4 Case Studies
The influence of WPP on system operation is studied based on four scenarios.
First, 2010 is simulated using the actual installed wind power capacity and
the corresponding imbalances as a reference. Secondly, two cases for the 2020
scenario are simulated. Two different cases for the reserve procurement as well
as the system balancing are defined. These cases are no market integration
and full market integration.
The case no market integration represents the current state. Regulating
reserves have to be procured in the respective countries. In countries split
into different control areas, e.g., Norway and Germany (see Figure 4.1), reserve
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requirements are defined by control area; however, the procurement can be done
country-wide with the consideration of available transfer capacities. Exchange
of balancing power with neighbouring countries is not possible.
Full market integration describes a future state in which regulating power
markets in Northern Europe are fully integrated. Besides the procurement of
reserves in their respective countries, reserves now can also be procured in the
whole simulated area. However, as suggested by ENSTO-E [120], 50% of the
required reserves must be procured in the respective country.
Given the available transmission capacity, exchange of regulating energy is
enabled in the fully integrated market. This exchange results in the activation
of the system-wide most economical reserves.
9.5 Results
9.5.1 Transmission dispatch and day-ahead market results
The EMPS model is run with different hydrological years, to reflect the hydro
inflow stochasticity. Solving the model results in the day-ahead market dis-
patch. One of the main results of the dispatch is the available capacity after
the day-ahead market clearing. Figure 9.4 and Figure 9.5 depict the cumulative
transmission of the HVDC lines connecting the Nordic area with Continental
Europe. The dotted black lines indicate the transmission limits. The graphs
display the percentiles of the transmission dispatch duration curve, considering
different inflow years. Instead of analysing single transmission lines, the eval-
uation of transmission corridors (here Nordic to Continental Europe), results
in smoother duration curves and disposable transmission capacity most of the
time. It evinces, that only in wet years, during about 200 hours, all the trans-
mission lines are congested in the same direction at the same time in the 2010
scenario (Figure 9.4).
This value increases up to about 1500 hours in 2020 (Figure 9.5), when there
is full export on all the transmission lines from Northern to Continental Europe.
The remaining free transmission capacity can be used for cross-border reserve
procurement and the exchange of regulating energy. However, also during con-
gested hours a one directional exchange is viable (downward regulating reserves
in this case).
Another important result is the day-ahead market prices (see Figure 9.6),
indicating the marginal production cost during a certain hour in the system.
In a well-functioning regulating power market, the regulating power prices lie
in the vicinity of the day-ahead market prices, i.e., the day-ahead market price
also gives a rough indication of the marginal production cost of the available
regulating reserves. Comparing day-ahead market prices for the 2010 and 2020
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Figure 9.4: Transmission dispatch 2010
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Figure 9.5: Transmission dispatch 2020
scenarios, it can be seen that volatility increases in Germany, but decreases in
Norway. However, the average day-ahead market price is lower in both countries,
thus indicating cheaper regulating reserves in 2020 than in 2010.
9.5.2 Regulating power market results
Table 9.4 and Table 9.5 give an overview on the results of the regulating power
market simulations for the defined scenarios and cases.
Table 9.4 presents results of the current market situation, without an in-
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Figure 9.6: Day-ahead market prices Norway, Germany in 2010 and 2020
tegration of the Nordic and continental European regulating power markets.
Due to the increased reserve requirements, the reserve procurement costs are
more than doubled in 2020. The additional WPP in 2020 increase the system
imbalances by about 90%. Hence, the gross reserve activation rises by about
80%. The fact that reserve activation increases less than system imbalances, is
caused by the netting of imbalances within the Nordic system and in Germany.
As new WPP mainly will be built in continental Europe, there only is a minor
increase of imbalances and therefore reserve activation in the Nordic area. The
balancing costs are estimated to increase only by about 25%, far less than the
increase in reserve activation. The reason for that is the overall decrease of day-
ahead prices in the 2020 scenario and the expected availability of more reserve
capacity than in 2010.
Table 9.4: Regulating Power Market Outcome - No Market Integration
2010 2020
Total reserve requirements [MW] 7080 13460
Procurement costs [Me] 146.5 343.6
Gross imbalance [GWh] 13637 24622
Gross reserve activation [GWh] 8945 14670
Gross reserve activation in the Nordic area [GWh] 3597 4209
Balancing costs [Me] 126.8 154.6
127
9. Integration of regulating power markets
Table 9.5 contains results for the full market integration case, i.e. the pos-
sibility of cross-border procurement of regulating reserves and the exchange of
regulating energy is given. Again the 2010 scenario and two cases for 2020
scenario - with and without transmission reservation for the regulating power
market - are analysed. In 2010 the average cross-border procurement is about
10% of the total reserve requirement (nearly only upward regulating reserves),
resulting in a possible cost reduction of 40%. Fig. 9.7 depicts the annual av-
erage distribution and procurement of upward regulating reserves for this case.
It can be seen that there is an export of reserves from Sweden and Norway to
Denmark and Germany. The Danish import covers nearly 50% of the required
reserves, which equals the limit set for the cross-border procurement of reserves.
Surprisingly there also is an export of reserves from the Netherlands, which can
be explained by its rather low reserve requirements.
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Figure 9.7: Reserve procurement 2010 full integration
As described previously it is assumed that there will be an increase in reserve
requirements in 2020. With the additional transmission capacity, the cross-
border procurement of reserves is more than doubled. Unlike 2010 there is a
notable cross-border procurement of downward regulating reserves, of about
16% of the total cross-border procurement. Fig. 9.8 depicts the annual average
procurement of upward regulating reserves in 2020. Compared to 2010 it can
be noticed, that due to the additionally installed hydro capacity in southern
Norway, significantly more reserves are available in the system.
Fig. 9.8 show that the main additional export of regulating reserves is from
Norway to Germany. When comparing the 2020 reserve procurement costs in
Table 9.5 with the numbers of the no market integration scenario in Table 9.4,
a cost reduction of about 30% is detectable.
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Table 9.5: Regulating Power Market Outcome - Full Market Integration
2010 2020
Total reserve requirements [MW] 7080 13460
Mean cross-border procurement [MW] 765 1854
Procurement costs [Me] 88.3 248.3
Gross imbalance [GWh] 13637 24622
Gross reserve activation [GWh] 6761 10464
Gross reserve activation in the Nordic area [GWh] 4664 7824
Regulating energy exchange [GWh] 3190 6340
Balancing costs [Me] 91.8 85.5
NO SE DK DE NL BE
-4000
-2000
0
2000
4000
6000
8000
10000
12000
Country
R
e s
e r
v e
 c
a p
a c
i t y
 [ M
W
]
 
 
In area
Import
Export
Figure 9.8: Reserve procurement 2020 full integration no reservation
Fig. 9.9 shows the cross-border procurement of upward as well as downward
regulating reserves for 2020 with no transmission reservation. It displays that in
most instances there is an export from Nordic to Continental Europe, but with
exceptions during a minority of hours, in which the exchange characteristics
are turned around. Furthermore, the maximum cross-border procurement of
reserves is about 4.6 GW, which corresponds to 50% of the reserve requirements
in the continental countries.
In the lower part of Table 9.5 results for the system balancing in the case of
full market integration can be found. As stated above, imbalances nearly double
in 2020 compared to 2010. However, the activation of reserves only amounts
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Figure 9.9: Hourly cross-border procurement of regulating reserves from Nordic
to continental Europe in 2020 - no reservation
up to about 40%-50% of the total imbalances, which is a drastic reduction,
compared with the case of no market integration, where it is about 60%-70%.
The reduction is achieved by cross-border netting of imbalances of the differ-
ent countries. In the case of WPP, the netting can also be interpreted as the
geographical smoothing of WPP. There is no significant further increase in im-
balance netting in the case of transmission reservation, as the reserve activation
only decreases by about 2%. Considering the reserve activation in the Nordic
system solely, it can be seen, that its share of the overall activated reserves
increases dramatically from 40% to 70% in 2010 and from 30% to 80% in 2020,
when integrating markets. The share increases not only due to the decreased
overall activation, but also due to an ascending activation in the Nordic area.
Fig. 9.10 depicts the reserve activation duration curve in 2020 for the no and
full market integration case. The characteristics discussed above, the overall
decrease and Nordic increase of reserve activation, are clearly illustrated. Fur-
thermore it can be seen, that there are about 5000 hours with no activation of
reserves in the continental area, in case of full market integration.
Fig. 9.11 shows the country wise activation of regulating reserves for the no
and full market integration case in 2010 and 2020. It is obvious that market
integration drastically reduces the activation of reserves in Denmark, Germany
and Netherlands. As Belgium has no direct connection to the Nordic area, only
a minor reduction in reserve activation is noticed. Due to its hydro resources,
Norway is the main provider of regulating reserves.
As can be seen in Table 9.4 and Table 9.5, the reserve activation in the
Nordic system, assuming a fully integrated market, increases by about 1100
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Figure 9.10: Nordic and continental regulating reserve activation in 2020 - no
reservation
GWh when being compared to the no market integration scenario in 2010. The
exchange of regulating energy would be about 3200 GWh between the Nordic
and the continental European system in 2010. The difference between these
values result from the netting of imbalances between those systems. The same
accounts for the 2020 scenario.
The hourly exchange of regulating energy in Fig. 9.12 is quite even dis-
tributed during the whole year. The maximum and minimum exchange is about
6 GW, which roughly equals the installed transmission capacity, between Nordic
and continental Europe. However, this amount of transferred energy in combi-
nation with the quarter hourly changes comprises enormous challenges to the
operation of the HVDC connections.
Finally, analysing the balancing costs shows that there can be high savings
by integrating regulating power markets, amounting up to about 30% in 2010
and around 50% in 2020. With no market integration, the increasing system im-
balances from 2010 to 2020 are accompanied by rising balancing costs. In case
of integrated markets the system balancing costs decrease over the examined
time period, which is in contradiction to expected results. A reason for that are
additional possibilities of exchanging regulating energy with the Nordic system,
due to transmission expansion and the increasing hydro capacity in the Nordic
system, providing cheap regulating reserves. Another reason can be, as previ-
ously mentioned, the overall decreased day-ahead prices, also leading to lower
costs for system balancing. While balancing costs decrease there is a significant
increase in the costs for reserve procurement, leading to an overall increase in
costs.
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Figure 9.11: Country wise annual regulating reserve activation [GWh]
9.6 Discussion
The models used for the analyses, are based on a perfect market assumption.
Furthermore a sequence is chosen in which reserve procurement takes place after
the day-ahead market clearing, resulting in a re-dispatch.
In reality, several different market designs are in use. Thus, comparing
the simulated economic outcome with real market data is difficult. However,
analysing the possible cross-border procurement of reserves and the exchange
of regulating energy is a good indicator.
System parameters i.e. the power plant portfolio of thermal plants, inter-area
transmission capacities, reserve requirements and WPP capacities are updated
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Figure 9.12: Hourly regulating energy exchange from Nordic to continental
Europe 2020 no reservation
for the 2020 scenarios. It is attempted to incorporate the supposed system
expansion in the upcoming years as realistically as possible. The influence and
necessity of these modifications become obvious, when comparing the simulated
market outcomes with results from a previous work [121]. In this previous
work, the estimated balancing costs of about 1.6 billion e in 2020, are multiple
higher than the 74.5 million e mentioned in this paper. The main drivers for
this amazingly high gap are the additional available transfer capacities and the
forecast length of WPP. The forecast length was reduced from 24h to 3h as
it is assumed that the interim fluctuations are taken care of in the intra-day
market, reducing the gross imbalance by about 40%. Trading on the intra-
day markets implies shifting balancing responsibility from TSOs to wind power
producers. Thus costs for TSOs, which are analysed in this paper, will be
reduced. In contrast costs for wind power producers will increase, which are
not taken into account here. The increase of transfer capacities between Nordic
and continental Europe inaugurate new possibilities of gaining balancing power
from the least cost regulating reserves in an integrated market. This causes a
further significant reduction of balancing costs.
9.7 Conclusion
The installation and integration of large amounts of WPP capacity into the
power system comprises exceptional challenges. Amongst those, system balanc-
ing and the procurement of regulating reserves are of outstanding importance.
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The analyses done in this paper includes four scenarios for two market models
simulating a non- and a fully integrated northern European regulating power
market.
The regulating power market outcome without integration shows that gross
system imbalances and gross activation of regulating reserves are almost doubled
in the 2020 scenario.
With an overall amount of 343 Me the reserve procurement costs are more
than twice as high as the 2010 results. The system balancing costs increase by
about 28 Me.
Using the possibilities of a fully integrated market with its system-wide re-
serve procurement and exchange possibilities, the 2010 procurement costs can
be cut down by 40% while in the 2020 scenarios the costs are reduced by about
30%. Almost the same conclusion can be drawn for the balancing costs, be-
ing reduced by 50% to about billion 74 Me in the 2020 scenario with transfer
reservation. As most of the cheap balancing resources are situated in the Nordic
area, the exchange of regulating reserves will ascend and become more and more
important in future scenarios, while the activation of reserves in continental Eu-
rope will decrease by about 300%.
The investigated scenarios in this paper confirm that WPP results in an
enormous increase of activating regulating reserves, especially in a split market
environment. However, regulating power market integration would significantly
reduce the activation and hence the cost for reserve procurement as well as for
system balancing.
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Chapter 10
Intra-day market
Publication G
This chapter summarizes Publication G. Based on the previously described wind
power model, the actual and the predicted WPP is simulated for the years 2010
and 2020. These WPP scenarios are taken as an input to the flow based market
model PSST simulating the day-ahead, the intra-day and the real-time market in
Continental Europe plus the Nordic area. In a first step the day-ahead market is
modelled based on WPP forecasts for the next 24 hours including a simultaneous
reserve procurement within Continental Europe and the Nordic area. Secondly,
the intra-day market is simulated using the day ahead market results as an
input. In the intra-day market the scheduled day-ahead production is successively
adapted based on revised wind power forecasts up to one hour before real time.
Finally, remaining forecast deviations are balanced in the real time. The chapter
is divided into six sections. Section 10.1 includes a introduction to the chapter.
Section 10.2 states the model parameters for WPP, Section 10.3 explains the
market model and the assumptions made. Section 10.4 contains the evaluated
results. Finally, Section 10.5 includes a discussion and the chapter ends with a
conclusion in Section 10.6.
10.1 Introduction
The integration of WPP is a challenge for the European power system due to
several reasons. In contrary to conventional generators the production pattern
of WPP is delicate to variations on all time scales. These will add to already
existing load and production variations, therefore demanding a higher flexibility
from the remaining system. Besides, in liberalised power markets the scheduled
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load and production are handled within the day-ahead and intra-day markets.
Thus, wind power producers and TSOs have to rely on production forecasts
based on NWP models to place bids in the power markets, to schedule power
production and to assure the balance between production and consumption at
any time. Even though, the forecast accuracy has largely increased over the
past couple of years the remaining day-ahead forecast error standard deviation
in Northern Europe sums up to almost 10 GW in the 2020 scenario (see Figure
10.1). With real-time approaching the forecast error standard deviation reduces
to about 1200 MW one hour ahead.
Figure 10.1: Forecast error 2010 and 2020 in Northern Europe
To avoid the procurement and the possible activation of an unnecessary
high amount of regulating reserves and to assure system stability, power pro-
ducers should be able to adjust their day-ahead market bids based on revised
WPP forecasts. To study the effects of intra-day production adjustments on the
activation of regulating reserves various cases with and without an integrated
intra-day market in Northern Europe are simulated for the years 2010 and 2020.
10.2 Wind Power Production
The modelling methodology corresponds to the approach described in Chapter
3. Like in previous chapters the assumed future onshore installation scenario for
2020 is based on the expert knowledge of the associated regional wind energy
associations collected in the TradeWind project, while the offshore installations
are based on the data from 4coffshore [16, 92]. The assumed overall capacity in
Northern Europe and France for the years 2010 and 2020 is displayed in Table
10.1. The differences in the installation scenarios between Table 10.1 and the
numbers used in Chapter 9 result from an updated wind data base build up
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in the course of the thesis. Especially the data base for offshore facilities was
largely extended and revised based on the numbers from [92].
Table 10.1: Wind power installation scenarios in 2010 & 2020 [MW]
2010 2020
Country Onshore Offshore Onshore Offshore
Belgium 1022 165 2951 2156
Denmark 3677 612 3815 2811
Finland 351 - 3020 846
Germany 25277 60 32383 8805
Netherlands 2597 228 4259 5298
Norway 725 2 4913 415
Sweden 1233 110 4731 3079
France 5528 - 40012 3935
Sum 46991 1287 140827 10508
Figure 10.2 shows the 2020 forecast errors for Northern Europe one hour
and 24 hours ahead.
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Figure 10.2: 2020 forecast error in Northern Europe - 1 and 24 hours ahead
The simulated WPP is based on wind speed data from 2011. The differences
between the one hour and the 24 hour forecasts are evident. While the maximum
absolute forecast error for the one hour ahead is around 5100 MW, the 24
hour forecasts error reaches values of up to 17 GW (see Figure 10.2). These
numbers illustrate the necessity of a functioning intra-day market being able to
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re-schedule the WPP forecasts after day-ahead market closure.
10.3 Market model
A detailed description of the flow based market model PSST and its mathe-
matical framework can be found in Chapter 6. The model simulates a common
European day-ahead market including a simultaneous reserve procurement to-
gether with the day-ahead market clearing. Based on the day-ahead market
results the intra-day market is simulated including the intra-day and the bal-
ancing market area (see Figure 10.3). The balancing area is restricted to the
Nordic area plus the Northern European countries including Germany, DK-West
and the Netherlands.
Figure 10.3: Geographical overview of the simulated market areas in PSST
In the common day-ahead market a socio-economic optimal dispatch of
electricity production for Europe is determined, taking transfer capacities, gen-
erator constraints, start-up costs and power production from RES into account.
The day-ahead market is simulated on an hourly basis. WPP is included based
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on production forecasts ranging from one to 24 hours ahead. To fulfil the reserve
requirements in Northern Europe regulating reserves are procured simultane-
ously to the day-ahead market clearing. The selection of regulating reserves is
done in a socio-economic optimal way based on the marginal production costs of
thermal power plants and the water values for hydro power plants, respectively.
The simulation of the intra-day market is based on the day-ahead market
results, taking the optimal generation dispatch, the transmission to other areas
outside the intra-day market area and the scheduled HVDC transmission into
account. In the intra-day market only the remaining HVDC transmission capac-
ity available after the day-ahead dispatch can be utilised. The intra-day market
is simulated on an hourly basis. For every simulation step, revised wind power
forecasts are used as an input to the market model. Accordingly, the generation
dispatch of conventional generators is adapted taking the updated wind produc-
tion forecasts into account. The dispatch of thermal generators is limited by
the according constraints including minimum up- and down times. Generation
capacity procured for balancing purposes is excluded from the intra-day market
dispatch. A complete mathematical description of the intra-day market can be
found in Chapter 6.
In the integrated regulating power market remaining imbalances after
day-ahead market or intra-day market closure are settled. While wind forecasts
errors are based on simulation results, load forecasts errors and plant outages
are modelled by recorded imbalances from the year 2010 [122, 123]. System
balancing is done in an cost-optimal way, meaning that the least-cost reserves
are activated.
10.3.1 System data
10.3.1.1 Transmission system
The transmission system in PSST is simulated based on the aggregated grid
described in Chapter 6. While transmission lines within one area are assumed
to have an infinite capacity, inter-area and cross-border lines are constrained by
the according NTCs. The applied NTCs are based on the available data from
ENTSO-E for the year 2011 [115].
The HVDC transmission system for 2010 is based on the ENTSO-E data
available at [72]. Due to reinforcements and the commissioning of new lines the
HVDC capacity will largely increase until 2020, especially in the North and the
Baltic Seas. Future interconnections, including the construction of new cables
between Norway and the UK, Norway and Germany (NorGer) and the Cobra
cable, connecting the Netherlands with Denmark, are considered in the model.
Furthermore, the capacity extensions of the Skagarak cable, the SwePol cable
and the NorNed cable are included in the simulations. The actual transmission
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capacity between the Nordic and the Continental area therefore increases from
around 3700 MW in 2010 up to 6345 MW in 2020.
The bold white lines in Figure 10.4 indicate the HVDC connections between
Continental Europe and the Nordic area for 2010 and 2020. The aggregated
on- and offshore wind power facilities are shown as green dots. Offshore wind
farms are either directly connected via AC cable connections (green lines) or are
connected to offshore hubs equipped with a HVDC connection to shore (narrow
white lines).
(a) 2010 (b) 2020
Figure 10.4: Offshore grid configuration between Continental Europe and the
Nordic area in 2010 (a) and 2020 (b)
10.3.1.2 Generators
As described in Chapter 6, generators are divided into regulating and non-
regulating power plants providing base load power. While base load power
plants are assumed to produce at maximum capacity throughout the year due
to their low marginal costs, regulating and load following power plants are used
to compensate for diurnal load changes and WPP variations. In case the WPP
exceeds the downward regulation possibilities of regulating and load following
power plants, the production of base load power plants is reduced accordingly.
The commitment of regulating and load following power plants is limited by the
associated minimum upward and downward time constraints shown in Table
6.2.
For 2020 the generator portfolio is adapted based on the predictions and
forecasts made in [87, 88]. This includes the successive decommissioning of
nuclear power plants in Germany and the construction of new hydro power
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and pump storage capacity in Southern Norway. Besides, a rising share of fast
reacting power plants e.g. gas turbines has been assumed. Increasing marginal
costs resulting from rising fuel prices are included in the future scenarios.
10.3.1.3 Reserve requirements
The production variability and the forecast uncertainty of wind power will in-
crease the reserve requirements in the power system. For 2010, the assumed
reserve capacity corresponds to the actual values in the Northern European
system. For 2020 the reserve capacity is adjusted based on the 3- σ approach
also used in Chapter 9. The estimation of the reserve requirements is based on
the 24 h forecast error. This leads to an significant increase of the reserve re-
quirements, especially in Germany and the Netherlands (see Table 10.2). Even
though the results in [124] indicate that the amount of balancing reserves in the
system can be reduced according to the forecast length of WPP, the 24 h WPP
forecasts were applied to make the results with and without intra-day market
directly comparable.
Table 10.2: Reserve Requirements [MW] 2010 & 2020
2010 2020
Areas pos. neg. pos. neg.
Norway 1200 1200 2800 2800
Sweden 1220 1220 2600 2600
Denmark 1200 1200 1900 1900
Germany 3010 2045 13300 12350
Netherlands 300 300 3900 3900
Finland 865 865 1700 1700
Sum 7795 6830 26200 25250
10.3.2 Case Studies
Using the actual and the predicted installation scenarios for 2010 and 2020 the
influence of WPP on system operation is studied based on four cases. Firstly, an
integrated regulating power market in Northern Europe is simulated Without
Intra-day market. Secondly, the possibilities of production adjustments and
revised wind power forecasts are simulated in a case With Intra-day market.
The case Without Intra-day largely corresponds to the Full market in-
tegration case described in Chapter 9. This case describes a future state in
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which regulating reserves cannot only be procured within the respective coun-
tries but in the whole Northern European area. Despite a forecast length of
three hours like in the ’full market integration’ case described in the preceding
Chapter, wind speed forecasts ranging from one to 24 hours are utilised in the
day-ahead market. The day-ahead market results are taken as an input to the
regulating power market where imbalances are settled.
In the caseWith Intra-day market production adjustments of conventional
generators are possible, taking revised WPP forecasts after the day-ahead mar-
ket clearing into account. While the intra-day market includes Northern Eu-
rope, France and the BeNeLux countries, the regulating power markets focuses
on the Northern European area. The intra-day market includes the time span
from day-ahead market closure until one hour before real-time.
10.4 Results
10.4.1 Day-ahead market results and transmission dispatch
The PSST day-ahead market model is run for a ’dry’ year representing a low
inflow scenario in the Nordic area. The simulated day-ahead market prices for
Norway and Germany in 2010 and 2020 are shown in Figure 10.5. The system
prices indicate the marginal production costs in the system. For Norway a
typical annual price pattern can be determined reflecting the water-values and
the varying inflow to the hydro reservoirs throughout the year.
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Figure 10.5: Day-ahead market prices in Germany and Norway in 2010 (a) and
2020 (b)
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While the 2010 day-ahead prices are hardly influenced by WPP a clear in-
fluence of WPP is ascertainable in the 2020 scenario. The increasing share of
WPP in the system leads to a higher price variability and to a reduction of the
mean annual prices in both areas. The according numbers for the mean annual
price and the price variance for Germany and Norway in 2010 and 2020 are
shown in Table 10.3.
Table 10.3: Mean annual price and price variance in Germany and Norway
2010 2020
DE NO DE NO
Mean annual price [EUR/MWh] 39.5 44.6 36.9 34.7
Price variance [-] 125.2 28.5 169.2 129.7
Another important indicator for the influence of WPP in the system is the
energy exchange between areas. Figure 10.6 illustrates the cumulative HVDC
transmission dispatch between the Nordic and the Continental areas- including
the connections to Sweden and Denmark. The dotted black lines indicate the
maximum transmission capacity.
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Figure 10.6: Day-ahead transmission dispatch from Nordic to Continental Eu-
rope in 2010 (a) and 2020 (b)
Like for the day-ahead market prices the energy exchange in 2010 shows
a seasonal pattern. While the hydro based system in the Nordic area mainly
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imports electricity during winter time it becomes an exporter of energy during
the summer months. Besides, the transmission dispatch is largely dependent on
diurnal price differences in the respective areas.
The simulation results for 2020 show a strong seasonal transmission pattern.
While an almost equable energy exchange between the areas can be noticed dur-
ing winter time, the Nordic area becomes a main exporter of energy during the
summer months. This results from a energy surplus, increased hydro capacity
and the decommissioning of Nuclear power plants in Germany.
10.4.2 Intra-day market results and production adjust-
ments
Table 10.4 illustrates the gross imbalances between the day-ahead wind power
forecasts and the revised wind power forecasts from the intra-day market. Be-
sides, the subsequent production adjustments of conventional generators along
with the associated adjustment costs are shown.
The numbers illustrate large deviations between the forecasted WPP from
the day-ahead market and the revised forecasts applied in the intra-day market.
Overall, gross imbalances of about 9.5 TWh can be notified in 2010. This
number increases to about 33.5 TWh in 2020.
The updated wind power forecasts result in major production adjustments
of conventional power plants during the intra-day period. In 2010 the gross
production adjustment in the intra-day area sum up to about 9.5 TWh. The
discrepancy between production adjustments and wind production imbalances
result from netting effects in the simulation area. In 2020 the the production
adjustments are more than tripled and correspond to about 33 TWh. This is
slightly lower than the gross imbalances from WPP. Netting effects like in the
2010 scenario are largely reduced due to future offshore installations clustered
in small geographical areas and due to congestion between areas in Continen-
tal Europe resulting in major intra-day production adjustments particularly in
Northern Germany.
This results in production adjustment costs of 23.6 Me in 2010 and around
163.4 Me in 2020.
Even though the installed wind power capacity in the Nordic area is still
rather modest, a substantial amount of the production adjustments are deliv-
ered from Norway and Sweden. With real time approaching a large share of
the thermal power plants in Continental Europe cannot provide the required
production flexibility due to the associated production constraints. About one
third of the adjustments corresponding to about 3 TWh in 2010 and about 12
TWh in 2020 is dispatched from the Nordic area. The increased HVDC trans-
mission capacity between Continental Europe and the Nordic area enables the
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Table 10.4: Intra-day market adjustments
2010 2020
Gross imbalance [GWh] 10013 34050
Gross production adjustment [GWh] 9452 33454
Gross production adjustment in the Nordic area [GWh] 2930 12160
Adjustment costs [Me] 23.6 163.4
activation of the system-wide most economical production sources providing the
required production flexibility. The intra-day transmission adjustments between
the Nordic area and Continental Europe are displayed in Figure 10.7.
Figure 10.7: Intra-day transmission adjustments between the Nordic area and
Continental Europe
10.4.3 Regulating power market results
Table 10.5 and Table 10.6 give an overview over the regulating market results
for the defined scenarios and cases.
The regulating market results Without Intra-day market including the
gross reserve activation in the simulation area and the Nordic area, the regulat-
ing energy exchange and the balancing costs are shown in Table 10.5.
The wind forecast error together with the load forecast error result in the
activation of about 8500 GWh of the available regulating reserves in 2010. The
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additional WPP increases this value by about 90% in the 2020 scenario. A main
share of the activated reserves is in the Nordic area, corresponding to about 65%
and 72% of the total activated reserves in 2010 and 2020, respectively. Accord-
ingly, the regulating energy exchange between the Nordic area and Continental
Europe rises from approximately 16 TWh in 2010 to around 24 TWh in 2020.
Even though the gross reserve activation increases by about 90% from 2010 to
2020, the respective balancing costs only increase by about 73%, rising from
279.5 Me to 484.1 Me. The main reason for the discrepancy are the lower
overall prices in 2020 along with a higher share of fast acting power plants in
Continental Europe and the better interconnection with the Nordic area.
Table 10.5: Regulating Power Market Outcome - Without Intra-day market
2010 2020
Total reserve requirements [MW] 7080 25650
Gross reserve activation [GWh] 8478 15825
Gross reserve activation in the Nordic area [GWh] 5529 11422
Regulating energy exchange [GWh] 16026 23760
Balancing costs [Me] 279.5 484.1
Table 10.6 shows the regulating power market results for the case With
Intra-day market, i.e. the possibility of production adjustments after day-
ahead market closure based on revised wind power forecasts. In comparison to
the previous results in Table 10.5 a clear reduction in activated reserves can be
noticed- both in the whole Northern Europe as well as in the Nordic area.
In 2010 only 3260 GWh of regulating reserves are activated in the whole
simulation area. This corresponds to a reduction of about 60% compared to the
case without intra-day market. For the 2020 scenario an even higher reduction
of about 70% is noticeable, corresponding to about 4400 GWh. The results for
the Nordic area show the same behaviour. The reserve activation is reduced
by about 60% in 2010 and about 70% in 2020, respectively. Consequently the
balancing costs reduce to about 133 Me in 2010 and about 143.4 Me in 2020.
Figure 10.8 shows the activation of regulating reserves in the whole simula-
tion area for 2010 and 2020. The figure emphasises the results from Table 10.5
and Table 10.6. The reduction of activated reserves in the case with intra-day
market is clearly detectable for the actual and the future scenario. While in the
case without intra-day market the reserves are activated up to the maximum
available capacity their activation is rather modest in case of an integrated intra-
day market. Furthermore, the modelling outcome shows that without intra-day
market the procured reserves are occasionally not sufficient to balance the re-
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Table 10.6: Regulating Power Market Outcome - With Intra-day market
2010 2020
Total reserve requirements [MW] 7080 25650
Procurement costs [Me] 155.2 554.5
Gross reserve activation [GWh] 3260 4373
Gross reserve activation in the Nordic area [GWh] 2275 3320
Regulating energy exchange [GWh] 10881 16298
Balancing costs [Me] 113.6 143.4
maining forecast deviations. Especially the EON area in north-western Ger-
many, having a large amount of offshore wind power, is not able to provide a
sufficient amount of up- and downward regulating reserves in the 2020 scenario.
This results in the curtailment of WPP or load shedding in around 120 hours
of the year.
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Figure 10.8: Reserve activation in Northern Europe in 2010 (a) and 2020 (b)
Finally, the country wise annual reserve activation is illustrated in Figure
10.9. For all scenarios and cases it can be noticed that the main share of
regulating reserves is provided through production facilities in the Nordic area
- particularly in Norway and Sweden. A comparison of the two cases illustrate
that the amount of activated reserves in all countries reduces drastically in all
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countries for the 2010 as well as for the 2020 scenario.
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Figure 10.9: Country wise annual reserve activation 2010 (a) and 2020 (b)
10.5 Discussion
The used models and the applied data sets for the transmission system, the
generation capacity and the marginal costs are based on the latest available
specifications. This includes the adjustment of the according number for the
2020 scenario.
However, a comparison with the modelling results from Chapter 9 or real
market data is complicated. Even though the results from the EMPS model
applied in the preceding chapter indicate the same tendency for an integrated
regulating power market, a direct comparison of the evaluated results is not
possible due to different modelling approaches. Besides, the evaluated results
give a lower boundary compared to reality since a perfect market is assumed.
The simulation results indicate that the activation of regulating reserves can
be largely reduced for the case with an integrated intra-day market. However,
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this requires that the intra-day markets are equipped with a sufficient amount
of liquidity.
10.6 Conclusion
In this Chapter the influences of wind power production on the three distinct
power markets, namely the day-ahead, the intra-day and the regulating power
market, are simulated. The possibilities of an integrate intra-day market in
Northern Europe with respect to production adjustments after day-ahead mar-
ket closure and the regulating power market outcome are shown. Two scenarios
including the years 2010 and 2020 are simulated for two cases with and without
intra-day market.
The results indicate that production adjustments in the intra-day market
based on revised wind power forecasts can substantially reduce the activation
of regulating reserves in the regulating power market. For 2010 the reserve
activation can be reduced by about 60% while a further reduction of about 70%
can be reached for 2020. This results in annual savings of about 145 Me in
2010 and about 341 Mein 2020.
However, the necessary production adjustments in the intra-day market re-
sult in adjustments costs of about 23.6 Meand 163.4 Mein 2010 and 2020,
respectively.
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Chapter 11
Conclusion and future
research
This Chapter finalises the thesis. Section 11.1 includes an overall summary and
concluding remarks for the evaluated results included in PART II of the thesis.
Section 11.2 proposes future research topics related to wind power integration in
Europe which are not covered within this thesis
11.1 Conclusion
The European power system currently develops from a mainly thermal domi-
nated towards as system largely affected by renewable energy sources. Besides
hydro power, solar power and biomass, wind power is considered as a key tech-
nology to achieve the CO2 targets set by the European Union. However, the
production variability of wind power along with the limited predictability in-
duce a high level of uncertainty in the power system. Thus, a higher degree
of production flexibility from conventional generators and a larger amount of
regulating reserves is expected to be required.
To attenuate the impacts of wind power production on system operation a
multi-national rather than a national approach is required. Besides the physi-
cal expansion of inter-area and cross-border transmission capacity a regulatory
framework towards an internal European power market has to be created. This
not only includes the day-ahead market but also the establishment of integrated
intra-day and regulating power market.
The research documented in this thesis evaluates the system impacts of large
scale wind power and proposes measures for a cost efficient and secure integra-
tion in the power system. Thereby, the focus was on the development of a high
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resolution wind power production model, a joint grid expansion model and the
development of markets models to simulate an integrated intra-day and regu-
lating power market in Northern Europe. These models are utilised to simulate
the actual and the future effects of wind power production on the power system
and the power markets.
An overview of the determined results is given in the following Sections.
11.1.1 Wind power production on a European level
The simulations include scenarios for the years 2010, 2020 and 2030. The in-
stalled capacity is assumed to increase from an actual value of 97 GW to 270
GW in 2020 and 397 GW in 2030. The share of offshore installations in the
North and Baltic Seas will account for 16% (45 GW) in 2020 and 25% (100
GW) in 2030, respectively. Even though the geographical separation of pro-
duction facilities will further increase in future scenarios the overall production
pattern remains highly variable. The European WPP varies between 2.2% and
61% in 2020 and between 2.5% and 62% in 2030. Considering only offshore
installations in the North and Baltic Seas, the production variability becomes
almost intermittent, ranging from 1.4% to 86.7% and 1.5% to 92.1% for 2020
and 2030, respectively. The increased variability results from clustering offshore
facilities in small areas thereby reducing the effect of geographical smoothing.
Until 2030 the hour-to-hour variations will drastically increase up to 19 GW/h
in Europe and 11 GW/h in the North and the Baltic Seas. Even though off-
shore installations only correspond to about 20% to 25% of the total installed
capacity in Europe, they are responsible for 40% to 60% of the overall hourly
fluctuations. Although, the hourly WPP variability will largely increase, its
effects on the European net-load variability remains limited. While in 2020
almost no increase in net-load variations can be detected on a European level
the variability will only increase by about 3 GW/h in 2030. This appears to
be rather modest when assuming maximum hourly load variations of up to 70
GW/h on a European level.
11.1.2 Cost-optimal grid expansion
The URBS-EU model simulates cost-optimal grid expansion scenarios for the
European cross-border and inter-area transmission capacity for the years 2020
and 2030. In the simulations the WPP time series data as well as changing
generator portfolios are taken into account. For both scenarios, the modelling
results propose a large capacity expansion along the coastline of the North
Sea, establishing a east-west connection between Germany, the Netherlands,
Germany and Denmark. Further on, reinforcements in the HVDC transmission
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capacity connecting Germany with Eastern Denmark and Sweden are proposed.
For a cost efficient exchange of energy a vast expansion of the offshore super-
grid capacity is proposed. Furthermore, the need for massive reinforcements
of the cross-border connections between France, Italy and Slovenia has been
determined. This especially applies for the 2030 scenario. The results display
that besides the cross-border connections, the inter-area connections within the
countries itself have to be strengthened. Especially the north-south connections
in France and Germany require large scale reinforcements for being able to trans-
mit the WPP from the coastal areas to the load centres in land. Also Sweden
requires large internal grid expansions for a better interconnection between the
Southern areas and the hydro reservoirs in northern Sweden.
Taking these results as an input the load flow, the production pattern and the
day-ahead market prices were simulated using the simulation tool PSST. The
load flow results display that even with the proposed grid expansion scenarios
the respective transmission capacity is utilised to a large extent. Furthermore,
the results display that the removal of inter-area and cross-border transmission
bottlenecks leads to a stabilised production pattern of conventional generators.
For both future scenarios, the grid expansion leads to an overall price reduction
of about 5% on a European level. Price reductions are largely dependent on the
respective area and can decrease by 40% in comparison with the case without
grid expansion. Other areas, e.g., Austria will be confronted with increasing
prices as a result from a better interconnection with the neighbouring countries.
The price variance between areas largely reduces by about 40% to 60% in 2020
and 2030, respectively.
The cost-optimal grid expansion requires investment costs to the tune of
34.1 bne in 2020 and 37.1 bne in 2030, respectively. On the other hand, the
European production costs decrease by about 16 bne p.a. and 19 bne p.a. in
2020 and 2030, respectively. This results in a relatively short payback period of
around 6 years.
11.1.3 Integration of regulating power markets
The simulations of an integrated Northern European regulating market, based
on the day-ahead market results, is executed with the modelling tool EMPS.
The simulations take a change in the generator portfolio and the transmission
grid into account. The regulating market outcome is simulated for two scenarios
including the years 2010 and 2020. For both years the regulating market is sim-
ulated for the actual state "without market integration" and for a scenario "with
market integration". The regulating power market outcome without integration
shows that gross system imbalances and gross activation of regulating reserves
are almost doubled in the 2020 scenario. With an overall amount of 343 Me the
reserve procurement costs are more than twice as high as the 2010 results. The
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system balancing costs increase by about 28 Me. Using the possibilities of a
fully integrated market with its system-wide reserve procurement and exchange
possibilities, the 2010 procurement costs can be cut down by 40% while in the
2020 scenarios the costs are reduced by about 30%. Almost the same conclusion
can be drawn for the balancing costs, being reduced by 50% to about billion
74 Me in the 2020 scenario with transfer reservation. As most of the cheap
balancing resources are situated in the Nordic area, the exchange of regulating
reserves will ascend and become more and more important in future scenarios,
while the activation of reserves in continental Europe will decrease by about
300%.
11.1.4 Intra-day markets in Northern Europe
The day-ahead, the intra-day and the regulating power market are modelled
with the Power System Simulation Tool PSST. The three distinctive power
markets are simulated for two scenarios including the years 2010 and 2020. For
each scenario two cases are simulated- with and without and integrated intra-
day market in Northern Europe.
The simulation results indicate that an integrated intra-day market can sub-
stantially reduce the activation of regulating reserves. While in 2010 the reserve
activation can be reduced by about 60% a further reduction of about 70% is
detectable in 2020. This results in annual savings in the regulating market of
about 145 Me in 2010 and about 341 Mein 2020. The production adjustments
in the intra-day market sum up to about 23.6 Meand 163.4 Mein 2010 and 2020,
respectively. Therefore, an integrated intra-day market in Northern Europe is
able to decrease the overall system costs while increasing system security.
11.2 Future research
The focus of this thesis was on the simulation of WPP and its affects on the
European power system as well as on the power markets. Several measures
including a cost-optimal grid expansion and the integration of intra-day and
regulating power markets have been addressed.
The evaluated results indicate that the future integration of WPP in the
European system will require a multinational instead of a national approach.
Therefore, a topic for future research might include the expansion of the applied
models to other European areas. Especially the increasing interconnection with
the UK should be considered in future models. A further expansion of the
intra-day and regulating power market towards an integrated model covering
the whole European system would be desirable.
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Besides, the establishment of a grid expansion tool within PSST, consider-
ing the load flow along with the power markets, would be relevant for future
research. Since load flow and grid constraints play a key role for the further
integration of future wind power facilities, both parameters should be directly
considered within the optimisation process.
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"Des is wia bei jeda Wissenschaft, am Schluss stellt sich dann heraus, dass
alles ganz anders war"
Karl Valentin
1882 - 1948
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